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SUMMARY 


This  report  includes  the  main  findings  and  describes  the  research 
methods  and  data  processing  for  the  initial  3-year  contract  for  basic  re¬ 
search  in  the  energy  and  mass  transfers  near  the  ground  and  in  plants  and 
soil.  Fundamental  measurements  of  diurnal  cycles  of  energy  and  moisture 
flux  rates  are  reported  in  Chapter  I.  These  include  preliminary  measure¬ 
ments  of  air  drag  on  a  sod  surface  of  6-meter  diameter  which  indicate  that 
von  Karman’s  constant  varies  from  less  than  0.4  to  more  than  0.5.  Concurrent 
hourly  profiles  of  airspeed,  temperature  and  moisture  are  reported  in 
Chapter  II.  These  cover  a  range  of  Richardson  No.  from  +0.5  to  -2  and  show 
curvatures  in  the  stable  case  opposite  to  those  reported  by  Best  (1935)  and 
by  Deacon  (1953)  and  reveal  dissimilarities  between  velocity  and  temperature 
profiles  which  indicate  that  the  eddy  transfers  processes  are  more  complex 
than  usually  assumed.  A  square-root  function  of  s/L  is  used  to  represent 
the  curvature  of  semilog  profiles  ranging  from  strong  thermal  convection 
in  the  daytime  to  strong  stable  conditions  at  night. 

Large  diurnal  variations  in  moisture  transfer  rates  for  the  same 
gradients  are  reported  in  Chapter  III.  The  applicability  of  various  evap¬ 
oration  equations  was  checked  in  Chapter  IV.  An  extension  of  eddy  dif- 
fusivity  as  influenced  by  stability  is  given  in  Chapter  V.  A  sinusoidal 
analysis  for  alternate  warm  and  cold  areaB  in  Chapter  VI  provides  analytical 
insight  into  local  advection  problems.  Resistance  interpretations  of  moisture 
transfer  are  described  in  Chapters  X  and  XI,  Investigations  in  the  movement 
of  water  in  plants  and  soil  are  reported  in  Chapters  XII  and  XIII.  The 
instrumentation  is  described  and  comments  included  on  programming  the 
IBM  1410  computer  system  (suchas  to  evade  9  errors  arising  in  the  punched 
card  input).  The  metric  system  is  used  throughout.  Various  tables  are 
included  in  the  appendices  and  a  description  given  of  the  air  sampling  system 
for  measuring  rroi.iture  by  an  infrared  spectrometer. 

In  "enc  ral,  the  comprehensive  program  for  simultaneous  measurements 
of  three  flux  rites  and  the  corresponding  profiles  has  yielded  much  basic 
data.  Full  operati.  r  ’.s  continuing  to  provide  dependable  data  needed  for  full 
understanding  and  analytical  description  of  the  highly  complex  systems  of 
energy  and  moisture  transfers  in  nature. 

Considerable  support  for  instrumentation  and  personnel  in  this  project 
has  been  received  from  the  Water  Resources  Center  of  the  University  of 
California  and  the  California  Department  of  Water  Resources. 
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CHAPTER  I 


OUTLINE  OF  3- YEAR  UCD  RESEARCH  IN  ENERGY  AND  MOISTURE 
TRANSFERS  NEAR  THE  EARTH’S  SURFACE 

F.  A.  Brooks,  Project  Leader 

1.  Primary  Objective:  Simple  description  of  the  physics  of  the  environment 

conforming  with  the  basic  exchanges  of  heat  and  moisture.  A  broad 
question  is:  Can  the  hourly  micrometeorological  environment  be  fore¬ 
cast  to  a  satisfactory  degree  knowing  the  ground-cover,  soil  tempera¬ 
ture  and  the  meteorological  conditions  of  the  atmosphere?  The  answer 
involves  the  interdependence  of  many  factors  and  their  diurnal  and 
annual  variations.  Both  the  magnitude  of  "a  satisfactory  degree"  and 
the  soundness  of  a  method  used  for  making  forecasts  depend  on  multiple, 
simultaneous  observations  particularly  of  natural  flux  rates  of  five 
forms  of  energy  and  the  potential  gradients.  To  lay  a  firm  physical 
foundation  for  this  highly  complex  problem,  the  simple  cases,  clear 
sky  and  flat  uniform  ground  cover,  are  studied  first. 

2.  Test  Site:  The  original  12  l/2-acre  plot  of  rye  grass,  mowed  frequently 

to  10  cm  height,  was  doubled  in  1962  by  adding  an  alfalfa  planting  to  the 
south  and  southwest  as  shown  in  Figure  1-1  so  that  the  usual  S.S.W. 
wind  has  a  clear  fetch  over  irrigated  cropland  of  more  than  400  meters. 
This  does  not  alter  our  capability  in  late  summer  for  advection  measure^ 
ments  in  a  dry  north  wind  impinging  suddenly  on  the  irrigated  plot  200 
meters  upwind  of  the  lysimeters.  Poppendiek  in  Chapter  VI  gives  a 
sinusoidal  solution  for  alternating  strips  of  moist  and  of  dry  ground. 

In  Chapter  II,  Figure  II- 9  provides  an  interpretation  of  the  temperature 
field  based  on  the  Poppendiek  formulas. 

3.  Measurements  of  Flux  Rates:  An  array  of  8  radiometers  is  used  to 

determine  5  parts  of  radiation  exchange  as  discussed  later.  For  flux 
rate  of  moisture  the  6-m  diameter  lysimeter  provides  positive 
measurement  of  daily  evapotranspiration  and  also  gives  a  meaningful 
measure  of  fluctuation  in  periods  as  short  as  20  minutes  throughout 
the  diurnal  cycle.  This  reliable  determination  of  moisture  flux  rate 
can  be  used  to  analyze  eddy  transfer  of  moisture  independently  of  the 
heat  balance.  With  continuous  recording  of  evapotranspiration  under 
various  conditions,  significant  diurnal  and  annual  hysteresis  in  the 
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Figure  1-1.  Plot  diagram  of  site  and  nearby  fields  (before  tract 
levelling). 
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evapotranepiration  rates  have  been  demonstrated  by  Pruitt  and  Aston, 
Chapters  Ill,  IV.  This  includes  special  investigations  of  leaf  tempera¬ 
tures  and  in  the  resistance  to  moisture  flow  from  leaf  stomata  to  turf 
air.  Laboratory  studies  of  water  movement  in  soils  and  plants  have 
been  made  with  tritiated  water  and  reported  by  Vaadia,  Chapter  XII 
and  Nielsen,  Chapter  XIII. 

For  the  conduction  heat  flux  we  measure  the  soil  heat  flow  near  the 
surface.  This  is  also  used  in  determining  convective  heat  flux  as 
residual  from  net  radiation  absorbed  by  the  surface  and  the  latent  heat 
involved  in  evapotranspiration.  In  1961  direct  measurements  of  eddy 
heat  transfer  rates  were  made  by  Dr.  Dyer  (1962)  with  the  Australian 
C.S.I.R.O.  evapotron.  The  fifth  energy  flux,  for  metabolism,  was  found 
by  Monteith  to  be  negligible  because  the  mowed  rye  grass  has  slow 
growth. 

The  unique  capability  of  the  new  6-m  diameter  floating  lysimeter  is  its 
use  as  a  shear-stress  meter  for  measuring  momentum  flux.  Initial 
tests  by  Goddard  show  a  diurnal  range  in  air  shear  stress  of  from  0.3 
to  1.1.  dynes/sq.  cm  in  light  wind.  These  give  a  drag  coefficient  about 
twice  that  measured  on  a  smooth  desert  dry  lake. 

4.  Measurements  of  Air  Profiles  of  Potentials  for  Eddy  Transfers;  Because 

aerodynamic  interpretation  is  the  only  way  to  relate  directly  our  out¬ 
door  eddy  transfers  to  well-established  wind-tunnel  results,  4  masts 
with  thermocouples  at  9  levels  up  to  6-meter  height  are  in  use  register¬ 
ing  temperatures  with  standard  deviations  of  less  than  0.1°C.  For 
moisture  the  use  of  the  recording  spectrographic  hygrometer  furnishes 
dependable  profiles  which  have  already  been  related  to  the  lysimeter 
water  loss  rates  by  Dr.  Monteith  for  the  35-hour  run  30-31  July  1962. 
Crawford  extends  eddy  diffusivity  determination  in  Chapter  V.  Measure¬ 
ments  of  wind  profiles  in  the  December  36-hour  run  were  made  at  8 
levels  using  Thornthwaite  and  Casella-Sheppard  cup  anemometers  on 
two  masts. 

5.  Automatic  Computer  Analyses:  The  overall  objective  in  the  research 

procedure  is  to  measure  simultaneously  all  the  flux  rates  and  profiles 
of  micrometeorological  factors  with  a  digital  electronic  system  described 
by  Lourence,  Chapter  VIII.  Processing  the  data  by  automatic  computers 
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ia  described  in  Chapter  IX.  The  conventional  electrical  transducers 
using  the  electronic  digital  millivoltmeter  system  give  an  overall 
sensitivity  of  about  4  microvolts  (0.1°C).  About  180  items  every  2 
minutes  are  recorded  automatically  by  the  IBM  526  punch.  The  various 
transducers  used  are  listed  in  Appendix  A. 

Computer  programs  are  now  handling  cards  via  magnetic  tape  and  evad¬ 
ing  9  kinds  of  errors  in  the  original  card  data.  The  time  required  on  the 
IBM  1410  for  means  and  variances  of  167  scan  points  is  now  about  l/5 
of  real  time.  The  eq  parameters  and  the  slopes  for  logarithmic  inter¬ 
pretation  of  vertical  profiles  can  be  determined  by  computer  including 
a  tentative  square-root  curvature  function  for  diabatic  conditions.  This 
permits  comparisons  of  respective  eddy  diffusivities  for  momentum, 
heat  and  moisture  transfers  and  their  individual  Karman  coefficients. 

The  first  step  in  automatic  analyses  is  to  program  the  computer  to  find 
twenty-minute  or  half-hourly  mean  magnitudes  and  variances*  (or 
standard  deviations)  for  each  transducer.  The  means  are  then  arranged 
for  hand  verification  by  comparison  with  measurements  by  instruments 
of  different  character  or  with  calculations  of  different  components  of 
fluxes.  Where  comparable  readings  exist  for  the  full  diurnal  cycle, 
Fourier  harmonic  smoothing  is  desirable  before  such  comparison  ratios 
are  determined.  When  the  daily  cycle  is  distorted  or  incomplete,  a  5- 
or  9-point  automatic  parabolic  smoothing  of  the  20-  or  30-  minute  time 
means  provides  a  consistent  smoothing  free  of  personal  bias.  All  the 
parameters  need  to  be  smoothed  by  the  same  method  to  establish  close 
time  relationships  as  between  the  diurnal  cycles  of  fluxes  and  gradients. 

6.  Annual  Cycles  of  Heat  Fluxes  over  Perennial  Rye  Grass:  The  year-round 
variation  in  heat  and  moisture  fluxes  can  now  be  judged  from  field  tests 
selected  throughout  the  whole  3-year  contract  period.  Although  the 
various  days  of  major  tests  differed  in  windiness,  humidity  and  in  pre¬ 
vious  ground  condition,  the  tests  reported  in  the  following  curves  are 
almost  all  for  cloudless  sky  and  thus  together  show  consistent  annual 

When  using  constant  half-hour  means,  the  variances  will  be  greater  than  if 
calculated  for  a  sloped  mean  natural  to  the  diurnal  cycles.  A  proper  sloped 
mean,  however,  should  be  determined  by  Fourier  harmonic  smoothing  which 
seems  an  unnecessary  complication  at  this  stage  of  data  interpretation. 
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cycles.  Special  purpose  runs  of  a  few  hours  each  have  been  made  in 
all  months  as  reported  in  Chapter  XI.  Of  the  14  day-long  field  runs  7 
have  been  put  in  energy  balance  form,  Figures  1-2  to  1-8.  Three  of 
these  continued  through  the  night  and  all  the  next  day. 

Figure  1-9  gives  the  annual  curve  of  cloudless  noon  maximum  solar 
radiation  (direct  plus  diffuse).  This  supplements  the  diurnal  net  radia¬ 
tion  curves  which  are  influenced  by  ground  conditions.  The  correspond¬ 
ing  diurnal  curves  of  shortwave  insolation  are  almost  perfect  half  sine 
waves  from  sunrise  to  sunset. 

Also  available  for  annual  cycles  are  Pruitt’s  continuous  averages  of 
evapotranspiration  and  net  radiation,  Figure  I- 10.  These  are  for  day 
by  day  weather  and  therefore  lower  than  the  cloudless  sky  rates  shown 
in  Figures  1-2  to  1-8.  Only  a  few  extreme  days  of  very  strong  dry  wind 
were  omitted  from  these  averages  because  the  evapotranspiration  flux 
curves  on  these  days  differed  considerably  from  the  typical  and  would 
not  be  appropriate  for  comparison  with  average  monthly  weather  reports. 

7,  Meteorological  Conditions.*  To  describe  gross  conditions  covering  the 

test  periods  for  which  heat  balance  curves  have  been  presented,  the  12- 
hour  U.S.  Daily  Weather  maps  and  local  observations  were  used  as 
shown  in  Tables  1-1,  2,  and  3.  The  weather  types  listed  are  based  on 
Brooks’s  1960  table.  Briefly  Type  #1  is  for  Polar  continental  air  mass; 

#2,  Tropical  continental,  and  #3,  Polar  maritime.  Cloudless  sky  can 
exist  in  all  three,  but  the  net  radiation  rates  would  differ. 

For  the  major  test  in  October  1961  various  facsimile  maps  were  furn¬ 
ished  by  the  Sacramento  office  of  the  U.S.  Weather  Bureau,  of  which 
the  following  give  significant  meteorological  data. 

1.  Surface  barometric  pressure,  U.S.  Daily  Wea.;  scale  3.4”/(30- 
40°Lat),  4  mb  intervals,  24  hours. 

Surface  temperature  by  station. 

2.  1000  mb  isentropic  height,  ASXIV  58,  polar  map;  1.25”/(30-40°L), 
20  x  10  ft.  intervals. 

3.  850  mb  isentropic  height,  AUNA  8  84,  N.  Amer;  2.6”/(30-40  L), 
100  ft.  intervals. 

4.  12-hour  pressure  change,  every  6  hours  corrected  for  diurnal 
cycle;  1.7”/(30-40°L),  4  mb  interval. 

Interpreted  by  H.B.  Schultz 


NET  RADIATION 


TIME,  HOURS,  P.S.T. 

Figure  1-2.  Four-component  heat  balance  at  the  ground  Figure  1-3.  Four- component  heat  balance  at  the 
at  Davis,  California  15  May  to  16  May  1961.  ground  at  Davis,  California  31 

August  1962. 


TIME,  HOURS,  P.S.T. 

Figure  1-4.  Four-component  heat  balance  at  the  Figure  1-5.  Four-component  heat  balance  at  the 

ground  at  Davis,  California  com-  ground  at  Davis,  California  com- 
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TIME,  HOURS,  P.S.T. 

igure  1-6,  Four-component  heat  balance  at  the  ground  Figure  1-7,  Four-component  hea 

at  Davis,  California  composite  day  28  balance  at  ground  at 

October  to  29  October  1961.  Davis,  California  30 

October  1962. 
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TIME,  HOURS.  P.S.T. 

Figure  1-8.  Four-component  heat  balance  at  the  ground  at  Davis,  California 
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5.  Precipitable  water,  inches,  U.S.  map  2.6"/(30-40°L),  station 
(denominator  to  0,01",  contours  0.25".) 

6.  1000  -  500  mb  thickness,  l/2  N.  Hemis.,  1 ,7"/(30-40°L),  dotted 
contour  lines,  2  x  100  ft.  intervals,  (to  indicate  density  gradient). 

Interpolating  these  maps  for  Davis,  California,  Table  1-2  gives  the 
essential  meteorological  data  covering  the  major  test  period  0800,  28 
October  to  1600,  30  October  1961.  It  is  to  be  noted  that  test  period  fell 
in  the  wake  of  a  cold  front  that  was  followed  by  rapid  pressure  rise  to 
the  northwest  causing  influx  of  polar  continental  air.  There  were  some 
remnants  of  the  front  shown  by  some  cloudiness  in  the  east  on  the  morn¬ 
ing  of  28  October,  but  the  sky  was  cloudless  from  noon  to  noon  29  October. 

The  4-mb  isobar  spacinga  on  weather  maps  of  2.4  Latitude-degrees 
gives  only  a  rough  indication  of  the  strong  wind  during  most  of  the  test 
period.  The  cross-isobar  flow  cannot  be  determined  well  from  such  size 
maps,  and  the  pi-bal  and  radiosonde  wind  directions  show  change  in 
direction  with  height.  The  speeds  of  overhead  wind  observed  at  the 
Sacramento  airport  above  500  feet  apply  well  to  Davis  (15  miles  west). 
These  pi-bal  readings  taken  every  6  hours  show  consistent  strength 
and  only  slight  turning  at  the  2000-foot  level  from  350°  at  04  hour  28 
October  1961  to  10°  at  04  hour  29  October  and  to  30°  at  22  hour. 

The  teats  of  30/31  July  1962  were  carried  out  under  the  typical 
summer  conditions  in  which  the  Arizona  Low  develops  an  extention  into 
Northern  California.  This  extension  even  establishes  a  low  pressure 
core  of  its  own  in  the  upper  Sacramento  Valley  during  the  afternoon  on 
many  days.  In  the  data  compilation  containing  sea  level  pressures  for 
Davis  and  Red  Bluff,  it  can  be  seen  that  this  was  the  case  during  the 
test  period.  This  barometric  phenomenon  produces  a  distinct  daily 
wind  cycle  at  Davis.  According  to  a  diagram  for  average  direction 
frequencies  by  H.B.  Schultz  (1961),  southerly  winds  prevail  most  of 
the  day.  They,  however,  decrease  and  often  are  reversed  in  the  morn¬ 
ing  hours  as  the  Northern  California  low  pressure  core  disappears. 

The  test  days  of  July  1962  experienced  this  regime  in  a  more  pronounced 
form.  The  influx  of  the  marine  air  was  somewhat  stronger  than  usual 
in  the  daytime  and  could  not  be  reversed  to  a  northerly  flow  in  the  morn¬ 
ing.  The  southerly  directions  lasted  21  hours,  the  remaining  3  hours 
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*  Transition  from  NW  to  SW  lasted  2  hours 
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(from  6  to  9  A.M. )  being  calm  or  lightly  variable. 

The  weather  condition*  at  Davis  during  the  teat  of  December  13/14 
were  typical  for  a  transition  period  from  a  high  pressure  regime  to  a 
cyclonic  circulation.  During  the  previous  8  days,  a  high  had  been 
centered  over  the  Plateau  States  so  that  Northern  California  was  at  its 
western  edge  most  of  the  time.  The  resultant  winds  had  northerly 
directions,  however  with  weak  velocities.  Clear  skies  with  extended 
periods  of  heavy  ground  fog  had  been  the  prevailing  character  of  the 
weather,  the  formation  of  which  was  favored  by  a  high  pressure  ridge 
aloft. 

A  storm  in  the  Eastern  Pacific  gradually  intensifying  brought  an 
occluded  front  to  the  California  coast  on  December  13.  This  front  was 
halted  by  the  high  pressure  ridge  just  west  of  the  Davis  area,  producing 
rain  only  on  the  west  side  of  the  Sacramento  Valley  (Woodland,  Williams) 
but  not  in  the  Central  part  (Marysville,  Chico).  The  effect  of  this  situa¬ 
tion  for  Davis  was  a  “low  overcast”  and  a  temporary  change  of  wind 
direction.  But  with  the  dissipation  of  the  front,  the  weak  north  wind 
regime  became  re-established  from  1600  PST  on  13  December  for  a 
24-hour  period.  In  the  late  afternoon  of  14  December,  the  Davis  area 
was  affected  by  a  stronger  front,  resulting  in  rain  the  following  night. 

8.  Procedures  for  Hourly  Determination  of  Energy  Flux  Rates:  The  schematic 
diagram  Figure  I- 11  shows  the  many  interdependent  flux  variables  in¬ 
volved  in  transfers  of  momentum,  heat  and  moisture  near  the  surface  of 
the  ground.  The  sign  convention  for  these  figures  is  that  heat  flow  to¬ 
ward  the  air/ground  interface  is  positive  and  those  away  from  it  negative. 
This  is  the  convention  used  in  the  basic  five-part  expression  for  con¬ 
servation  of  energy. 

(I- 1 )  R  +G  +  H  +  E  +  =  0,  cal  cm'^min'1, 

where 

=  Net  whole-spectrum  radiation  exchange  at  a  horieontal  sur¬ 
face  above  the  vegetation 

G  =  Conductive  heat  flux  in  the  ground 

H  =  Convective  heat  flux  in  the  air 

E  =  Latent  heat  flux  in  the  mass  flow  rate  of  water  vapor  in  the 
•ir  1  1  hfg  *Qwl 


temp,  cycles 

Figure  I- 11.  Midday  diagram  of  surface  layer  exchanges. 
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=  Net  metabolic  heat  flux  above  soil  surface  used  in  photo¬ 
synthesis  with  respiration. 

This  convention  of  signs  means  that  at  midday  incoming  solar  energy  is 
positive,  heat  flow  into  the  ground  is  negative  (under  usual  conditions), 
convective  heat  flux  upward  in  the  air  is  negative,  the  latent  heat  used 
in  evapotranspiration  is  negative  and  net  metabolic  heat  used  in  photo¬ 
synthesis  is  negative.  The  last  is  negligible  for  rye  grass  turf  frequently 
mowed  but  could  be  the  same  order  of  magnitude  as  soil  heat  conduction 
for  a  well  developed  crop  growing  vigorously. 

Determination  of  Net  Radiation  Exchange.  R^.  --If  there  were  no 
radiometer  errors  such  as  due  to  unequal  convective  heat  transfers  from 
the  upper  and  lower  sides  of  plate  receivers  and  no  differences  in  black¬ 
ness  for  shortwave  (solar)  radiation  compared  with  that  for  longwave 
(thermal  and  atmospheric)  radiation,  the  one  radiometer  required  for 
energy  balance  would  be  either: 

(2a)*  Uncovered,  aspirated,  whole-spectrum,  net  exchange  radio¬ 
meter  patterned  after  the  original  Gier  &  Dunkle  (1950) 
radiometer,  or 

(2b)  Black  plate  heat  flux  transducer  enclosed  with  thin  poly¬ 
ethylene  covers  on  both  upper  and  lower  sides,  such  as  the 
Funk  (1960)  C.S.I.R.O.  Radiometer. 

The  direct  emf  response  of  each  of  these  radiometers  indicates 
the  basic  net  radiation  flux  rate,  Rn>  if  the  grass  turf  underneath  is  a 
proper  sample  of  the  whole  test  site.  This  net  radiation,  however,  is 
made  of  5  parts  each  of  which  is  of  interest.  An  array  of  8  radiometers, 
therefore,  is  used  for  a  complete  radiation  study  as  follows: 

I.  Direct-beam  sunshine  intensity  is  now  measured  by: 

(la)  The  new  model  Eppley  "normal-incidence”  radiometer,  tempera¬ 
ture  compensated  and  provided  with  clock-driven  mounting  geared 
to  track  the  sun.  This  radiometer  is  glass -covered  and  can  be 
provided  with  filters. 

This  instrument  is  our  best  means  of  calibration. 

All  shortwave  radiation  on  a  horizontal  surface  involving  direct- 
beam  radiation  should  be  checked  by  observed  normal- incidence 


Instrument  numbers  are  listed  in  Table  A-l. 
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intensity:  I,  multiplied  by  the  sine  of  the  sun’s  altitude.  Namely, 
the  error  ie  indicated  by  (lb)  -  [(Id)  +  (la)  sin  a]. 

II.  (Id)  The  standard  Eppley  pyrheliometer  used  for  diffuse,  shortwave 
sky  radiation  is  the  same  model  as  (lb)  but  is  provided  with  motor- 
driven  shade. 

With  cloudless  sky  (Id)  i  (lb)  should  be  less  than  l/7  at  noon. 

III.  (lc)  A  standard  Eppley  pyrheliometer  (lc)  is  used  inverted  to  measure 
upward  reflection  of  total  incoming  shortwave  diffuse  sky  radiation  (Id) 
and  direct  beam  (la)  reflected  nearly  diffusely. 

This  upward  shortwave  (lc)  divided  by  (lb)  standard  insolation  is  the  albedo  of 
the  surface.  It  varies  with  altitude  angle  of  the  sun  and  at  low  angles  is  less 
toward  the  sun  (looking  into  shadows  of  surface  roughness).  At  noon  over 
grass  turf  it  should  be  a  little  less  than  25%.  The  net  shortwave  radiation 
exchange  is  (lb)  -  (lc). 

IV.  (2d)  The  present  whole- spectrum  single -hemisphere  radiometer  is 
the  B  &  W  “total”  radiometer*  having  a  bottom  shield.  The  emf  re¬ 
sponse  of  this  instrument  measures  the  difference  between  whole- 
spectrum  incoming  radiation  and  the  outgoing  emissive  power  of  the 
plate  depending  on  plate  temperature. 

The  bottom  shield  causes  errors  in  a  wind  because  of  unequal  air  velocities 
top  and  bottom  (see  Portman  and  Dias,  1959).  Considerable  reduction  of 
error  can  be  obtained  by  orienting  the  radiometer  with  the  wind  and  possibly 
by  shading  it  from  direct-beam  sunshine.  The  downward  longwave  radiation 
is  (2d)  -  (lb)  after  allowing  for  outgoing  emissive  power  of  the  black  plate. 

This  is  the  incoming  atmospheric  radiation  mainly  from  water  vapor  and 
carbon  dioxide.  The  simplest  calculation  is  by  FAB’s  syllabus  formula  2-28. 
When  radiosonde  profiles  are  available  (and  extrapolated  to  local  standard 
shelter  air  temperature  and  vapor  pressure)  fairly  reliable  calculation  can 
be  made  by  FAB’s  (1941)  M.I.T.  procedure.  The  measured  incoming  atmos¬ 
pheric  radiation  (longwave)  when  shaded  is  (2d)  -  (Id)  after  allowing  for  out¬ 
going  emissive  power  of  the  receiver  surface. 


The  B  &  W  shielded  radiometer  will  be  replaced  by  the  new  California 
single-hemisphere  radiometer  which  is  to  be  used  shaded  from  direct- 
beam  sunshine. 
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TABLE  1-4.  RADIATION  EXCHANGE  COMPONENTS 
Davis  Lysimeter  Site,  28  October  1961 
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1300  -  1340  Example 

Normal  incidence  direct-beam  intensity 

— 

1.235 

cal/  cm^min 

Sun’s  altitude  =  34°00',  m  =1.8,  sin  =  0.560 
•  vert.  comp. 

2 

0.742 

- 

Incoming  shortwave  (regular  Eppley) 

= 

0.894 

u 

Diffuse  sky  shortwave  (through  glass)  =0.894-0.742 

= 

0.152 

- 

Upward  shortwave  (inverted  Eppley) 

= 

-0.166 

i 4 

Net  shortwave 

= 

0.728 

Albedo 

2 

0.186 

non-dim. 

Incoming  atmospheric  longwave,  calculated  from 
1500  radiosonde  =  25.197  cal/cm^hr 

2 

0.420 

cal/cm^min 

4  o 

Outgoing  longwave  radiation  (J-  T  for  18.4  C  = 


- 2 - 

35.472  cal/cm  hr,  black,  to  include  reflected 


atmos.  radiation) 

= 

-0.591 

Net  longwave  radiation  exchange 

= 

-0.171 

Measured  net  whole- spectrum 

= 

+0.543 

Calc,  net  shortwave  (measured  0.728) 

= 

+0.714 

Atmospheric  transparency  for  longwave 

=  420 

57T 
here  + 

= 

71% 

Whole-spectrum  net  diffuse,  sky  hemisp! 

0.152  -  .171 

_ 

-0.019  cal/cm^min 

Outline  of  3-Year  UCD  Research 
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V.  (2c)  Upward  longwave  ia  measured  now  by  a  shaded,  whole- spectrum 

Gier  &  Dunkle  net  radiometer  in  conjunction  with  known  grass  surface 

temperature. 

The  longwave  net  radiation  exchange  is  found  by  subtraction  from  net  short¬ 
wave  (lb)  -  (lc).  Then  the  upward  longwave  is  found  after  subtracting  the 
downcoming  atmospheric  IV.  This  should  be  within  a  few  percent  of  calcu¬ 
lated  emissive  power  of  the  grass  turf  based  on  5  cm  temperature.  Table 
1-4  shows  the  radiation  components  determined  for  noon,  28  October  1961. 

It  is  to  be  noted  that  although  for  energy  balance  we  use  net  radiation, 
downcoming  minus  upgoing,  this  is  not  the  total  radiation  load  on  man  or 
foliage  above  the  ground.  Even  total  downcoming  plus  upgoing  is  not  the 
whole  spherical  effect  although  the  two-hemisphere  sum  explains  fairly  well 
the  skier’s  sunburn  over  a  snow  surface.  The  best  simple  geometrical 
shape  of  receiver  for  total  irradiation  is  a  sphere,  namely:  black- globe 
thermometer  interpreted  as  Mean  Radiant  ^Temperature  by  correcting  for 
heat  transfer  in  wind,  (see  Bond  and  Kelly  1955  or  Syllabus  chart  2-20, 
p.70).  Its  best  verification  is  normal-incidence  pyrheliometer  in  full  (la) 
plus  shaded  Eppley  (Id)  plus  inverted  Eppley  (lc)  plus  incoming  and  out¬ 
going  longwave  radiation  IV  +  V,  with  some  allowance  for  strong  horizontal 
longwave  radiation. 

Determination  of  Heat  Conduction  in  the  Soil.  Soil  heat  flux  G  can 
almost  be  read  directly  from  heat-flow  meters  buried  near  the  soil  surface. 
Also  by  determining  the  thermal  properties  of  the  soil,  it  is  possible  to 
calculate  the  bulk  heat  flow  using  observed  diurnal  temperature  cycles  as 
in  FAB’s  syllabus  eq.  3-6,  p.  82  and  allowing  for  non-homogeneity. 

Some  of  the  transfer  of  sensible  heat  from  soil  to  air  occurs  at  a 
slight  depth  below  the  soil  surface  and  thus  the  hourly  temperature  change 
in  the  top  centimeter  might  reasonably  be  excluded  from  calculations  of 
diurnal  heat  flux  in  the  soil  as  a  whole.  This  points  to  direct  use  of  the 
heat-flow  meters  installed  at  1  cm  depth,  except  that  these  may  not  properly 
represent  the  heat  flux  at  this  “surface”  level  because  of  non-uniform  root 
distribution.  It  is  necessary,  therefore,  to  consider  as  most  reliable  the 
heat-flow  meters  installed  at  10  cm  depth.  These  are  at  three  locations 
within  the  20-foot  lysimeter  and  at  two  locations  outside  the  lysimeter. 
Temperatures  at  all  locations  are  measured  at  1,  10,  50,  and  83  cm  depths, 
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but  numerical  analysis  to  treat  variation  of  thermal  properties  with  depth 
needs  the  25  cm  temperature  which  is  measured  at  2  places,  one  inside  and 
one  outside  the  lysimeter. 

Under  the  rye-grass  turf  the  soil  heat  flux  is  small  relative  to  net 
radiation  and  evapotranspiration  so  probably  it  is  not  worthwhile  to  go  further 
than  the  10-cm  deep  heat-flow  meters  adding  the  calculated  hourly  change  in 
heat  content  of  the  10  (or  9)  cm  of  soil  above  them.  The  change  in  temperature 
with  time  in  this  layer  is  measured  by  3  strings  of  resistance  thermometers 
both  inside  and  outside  the  lysimeter. 

Determination  of  Sensible  Heat  Flux  in  Air.  Convective  heat  transfer 
rate,  H,  above  the  vegetation  tops  has  been  measured  only  by  eddy  correla¬ 
tion  devices  such  as  used  at  4-meter  height  by  A.J.  Dyer  here  in  1961,  and 
by  the  MIT  group  at  16-meter  height.  A  sonic  anemometer  developed  by 
Kaimal  and  Businger  (1963)  which  also  measures  temperature  should  be  tried 
at  various  heights  from  close  to  the  ground  up  to  4  meters  when  we  make  the 
next  advection  test.  In  the  absence  of  such  eddy  correlation  sensors,  the  flux 
rate  of  sensible  heat  is  necessarily  found  as  the  make-up  term  in  equation  (1), 
three  of  the  other  terms,  R^,  Gand  Ey  being  known,  and  the  net  metabolic 
heat  flux  being  negligible  as  shown  later. 

Determination  of  Evaporative  Heat  Flux.  Pruitt’s  6-meter  diameter 
lysimeter  on  scales  gives  a  positive  measurement  of  weight  loss  which  is 
converted  to  energy  term,  E  ,  by  applying  a  standard  latent  heat  of  vaporiza¬ 
tion  of  590  cal/gram.  This  figure  is  correct  for  10°C  and  varies  only  0.53 
cal/ gram  °C  in  the  ordinary  temperature  range.  For  the  actual  area  of  the 
lysimeter,  the  conversion  from  pounds  weight  loss  are  0.015367  x  pounds 
loss  equals  mm  depth  of  water  loss.  And  this  times  59.0  gives  cal/cm^. 

Ordinarily  the  weight  is  printed  automatically  every  4  minutes.  There 
is  some  scatter  especially  in  a  wind  and  this  is  worse  when  the  cover  to  the 
tunnel  is  open,  but  this  does  not  alter  the  cumulative  weight  loss.  The  flux 
rate  is  the  change  in  weight  per  unit  time,  namely  the  1st  derivative  of  the 
weight  vs.  time  curve.  The  smoothed  weight  curve  as  used  in  the  1962  annual 
report,  therefore,  must  not  have  high  harmonics  because  these  aggravate 
irregularities  in  the  derivative  curve. 

This  very  reliable  measurement  of  water  loss  can  be  used  directly  for 
comparison  with  eddy  flux  of  water  vapor  as  measured  by  Dyer  without  relating 
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to  energy  balance. 

Determination  of  Energy  Flux  Rate  for  Net  Metaboliam.  The  hourly  net 
metabolic  energy  use  is  so  small  in  comparison  with  the  other  energy  flux 
rates  it  can  be  neglected  in  the  energy  balance.  The  following  is  the  estimate, 
however,  of  this  small  term  by  J.L.  Monteith  (August  1962). 

The  formation  of  carbohydrate  by  photosynthesis  and  the  converse  process 
of  respiration  can  be  represented  by 

(1-2)  nC02tnH20  —  (CH20)n  +  n02 

where  the  heat  of  formation  of  1  g  of  carbohydrate  is  about  3.6  kg  cal.  From 
the  ratio  of  molecular  weights,  the  assimilation  of  1  g  C02  requires  the  absorp¬ 
tion  of  2.4  kg  cal  in  the  form  of  solar  energy  in  the  wavelength  range  0.4  - 
0.7  p. 

For  many  common  agricultural  crops,  the  maximum  rate  of  net  CO, 

-  -2  — T1 

assimilation  measured  in  terms  of  land  area  is  about  3  mg  cm  day"  ,  equiva- 

-  2  - 1 

lent  to  about  7  cal  cm  day  and  representing  a  balance  between  daytime 
photosynthesis  and  respiration  proceeding  day  and  night.  As  a  guide  to  the 
complete  C02  balance  of  a  vigorously  growing  crop  the  following  figures  are 
typical  of  summer  measurements  at  Rothamsted: 


Gross  photosynthesis 

-2  -1 

mg  CO  2  cm  day 
+  4.2 

cal  cm'^d 
-  10.0 

Respiration  tops 

-  0.7 

+  1.7 

roots 

-  0.5 

+  1.2 

(micro- or  ganisma 

-  0.3 

+  0.7  ) 

Net  photosynthesis 

+  3.0 

-  7.2 

Respiration  of  roots  and  tops  is  temperature  dependent,  probably  increasinj 
by  a  factor  of  about  2  for  an  increase  of  10°C.  Respiration  rates  will,  therefore, 
be  somewhat  higher  during  the  day  than  at  night,  and  during  summer  may  be 
twice  as  great  at  Davis  as  at  Rothamsted  for  two  crops  with  the  same  total 
dry  weight.  Maximum  gross  rates  of  photosynthesis  will  also  be  higher  at 
Davis  because  of  higher  mean  daily  radiation,  perhaps  by  20-40%,  leaving 
roughly  similar  values  for  maximum  net  photosynthesis  at  the  two  stations. 

On  the  lysimeter  field,  however,  the  rate  of  dry  matter  production 
appears  an  order  of  magnitude  less  than  the  maximum  rate  given  above.  In 
June  and  July,  1962,  the  mean  yield  was  only  15  lb  acre"  *day" 1  and  allowing 
for  root  development,  this  may  represent  a  net  C02  uptake  of  about  0.18  mg 
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cm  ^day"*.  The  depression  of  yield  may  be  attributable  to  one  or  more  of 
these  factors:  cutting  before  the  sward  reaches  its  maximum  growth  rate; 
high  surface  temperature  well  beyond  the  optimum  for  rye-grass;  possible 
nutrient  shortage  although  30  to  40  pounds  of  nitrogen  per  acre  are  applied 
every  4  to  6  weeks.  Assuming  equal  length  of  day  and  night,  the  energy  ab¬ 
sorbed  by  photosynthesis  during  daylight  will  be  about  0.1  cal  cm'^hr"*. 

At  times  the  yield  went  up  to  60  pounds  per  acre,  but  even  so,  the  hourly  day¬ 
time  rate  would  be  only  about  0.4  cal/cm  nr.  Allowing  for  the  relatively 
small  amount  of  foliage  allowed  to  develop  between  cuts,  about  the  same  heat 
flux  would  be  released  by  respiration  during  the  night.  These  figures  should 
be  regarded  as  guides  to  orders  of  magnitude,  but  they  show  how  trivial  the 
heat  fluxes  are. 

Conclusions.  Present  results  have  firmly  established  the  typical 
diurnal  curves  of  4  energy  fluxes  for  the  rye  grass  plot.  Also  momentum 
flux  basic  to  all  eddy  transfers  can  now  be  measured  by  the  new,  floating 
shear-stress  lysimeter.  With  the  established  physical  relationships  and 
the  extra  precision  in  measurement  and  with  proved  automatic  computing 
for  multiple  observations,  the  next  objective  to  determine  horizontal  dif¬ 
ferences  (advection  effects)  can  now  be  undertaken  with  confidence. 


Outline  of  3-Year  UCD  Research 
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CHAPTER  II 


PHYSICAL  INTERPRETATIONS  OF  DIURNAL  VARIATIONS  OF  EDDY 
TRANSFERS  NEAR  THE  GROUND 

F.  A.  Brooks 

The  main  objective  of  this  3-year  micrometeorological  research  project 
on  eddy  transfers  in  providing  reliable  data  in  simultaneous  profiles  and 
flux  rates  has  revealed  much  more  variability  in  basic  constants  for  momentum, 
heat  and  moisture  transfer  and  their  ratios  than  was  expected.  It  is  pertinent, 
therefore,  to  examine  first  the  implications  of  original  limitations  to  steady 
shear  flow  under  near-neutral  conditions  which  have  been  far  exceeded  in 
diabatic  conditions  especially  in  cloudless  summer  weather.  These  limita¬ 
tions  explain  some  of  the  wide  diurnal  variations  found  in  coefficients  ap¬ 
plicable  through  the  full  height  of  measured  profiles  governed  by  friction 
velocity  and  other  vertical  fluxes.  A  method  using  the  asymptotes  of  curved 
profiles  has  been  developed  from  modified  Monin-Obukhov  formulas  to 
evaluate  related  Karman  coefficients  for  eddy  transfers  of  heat  and  moisture. 
All  3  coefficients  evidently  have  strong  diurnal  variation.  Also  the  log-law 
intercept  ordinarily  thought  of  as  a  fixed  surface  roughness  parameter  is 
found  to  have  considerable  diurnal  variation.  Hence,  in  progressing  toward 
quantitative  relationships  between  eddy  transfer  rates  throughout  the  daily 
cycle  and  associated  profiles,  primary  emphasis  is  placed  on  simple  ana¬ 
lytical  expression  of  measured  profiles  and  on  systematic  relations  with 
observed  flux  rates.  To  prepare  for  later  theoretical  deductions,  the  basic 
physical  concepts  are  kept  in  mind  and  attention  is  directed  to  the  minimal 
adaptations  in  conventional  analytical  treatments  to  represent  properly  the 
outdoor  diurnal  variations  in  eddy  transfers.  In  general  the  wide  range  of 
observations  reported  here  requires  some  modification  but  not  rejection  of 
well  known  formulas. 

Reconsidering  the  whole  complex  system  of  eddy  transfers,  the  actual 
outdoor  air  flow  is  almost  sure  not  to  conform  exactly  with  aerodynamic  and 
conduit-flow  theories  in  five  respects: 

1.  If  we  try  to  use  neutral  stability  (the  natural  isothermal  condition 
for  wind-tunnel  research),  we  find  suitable  outdoor  profiles  of 
constant  virtual  temperature  only  momentarily,  twice  a  day  and 
imperfectly.  The  usual  adaptation  by  micrometeorologists  is  to 
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work  in  steady  winds  or  overcast  weather  or  close  to  the  ground. 
The  latter  results  can  be  erratic  because  of  nearby  irregularity 
in  surface  roughness.  To  minimise  very  local  temperature  dif¬ 
ferences,  we  are  using  the  averages  of  four  profile  masts  spaced 
35  x  50  meters.  More  important,  however,  in  treating  curved 
semi-log  or  log-log  profiles  is  the  consistent  use  of  some  gen¬ 
eral  mathematical  form  (making  least-squares  fits  by  automatic 
computer  described  more  fully  in  Chapter  IX).  The  use  of 
these  formulas  then  yields  the  same  vertical  transfer  rates  at 
all  levels  (within  the  limits  of  applicability)  in  a  given  hour 
during  steady  conditions.  Of  the  two  coefficients  used  later  to 
describe  diabatic  profiles,  the  P  coefficient  suits  the  usual  con¬ 
cept  of  log  linear  profile  for  near -the -ground  eddy  transfer  or 
for  small  departures  from  neutral  stability. 

2.  If  we  use  mean  magnitudes  of  temperature  and  velocity  outdoors, 

these  must  include  effects  of  large  convective  circulations  of 
cumulus  cloud  spacing.  Low  level  organized  thermal  updrafts 
are  difficult  to  find,  but  occasional  downward  gusts  at  the  ground 
surface  can  be  easily  identified  particularly  in  continuous  re¬ 
cording  of  air  drag.  It  is  not  practical,  however,  at  present  to 
filter  large-scale  perturbations  out  of  all  transducer  responses. 
Our  best  procedure  for  averaging,  therefore,  is  to  use  a  long 
enough  time  period  (20  or  30  minutes)  to  reduce  many  single 
gusts  to  statistical  mean  effects.  For  profiles,  this  is  helped 
greatly  by  spacing  the  masts  far  apart  yet  related  to  the  lysi- 
meters  and  to  the  two  directions  of  predominant  winds.  The 
Davis  test  site  is  surrounded  by  miles  of  very  flat  ground  of 
substantially  the  same  total  roughness.  Tests  can  be  scheduled, 
therefore,  for  desirable  wind  direction.  Thus  for  tests  needing 
uniform  evapotranspiration  conditions,  measurements  are  made 
in  a  S.  or  S.W.  wind,  and  the  12  l/2-acre  irrigated  site  has  now 
been  doubled  to  provide  a  fetch  of  over  400  meters.  A  north 
wind  is  used  for  advection  tests;  the  moist- surface  fetch  in  that 
direction  being  200  meters. 

3.  If  we  try  to  use  boundary-layer  theory,  three  basic  concepts  do 

not  hold: 
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i.  There  ia  no  steady  “free  stream  velocity”  close  above  the 
earth's  surface. 

ii.  There  is  no  specific  depth  of  the  boundary  layer, 

iii.  There  is  no  length  from  a  leading  edge  to  use  in  a  Reynolds 
number  (except  in  field-edge  contrasts  in  a  dry  north  wind). 
Nevertheless,  there  is  striking  similarity  in  mean  profiles 
outdoors  with  traditional  boundary  layer  profiles,  so  some 
methods  of  relating  boundary  layer  findings  will  be  discussed 
later. 

4.  If  we  try  to  use  the  “Law  of  the  Wall”  (log-law  velocity  profile), 

there  are  several  difficulties: 

i.  The  surface  of  the  grass  turf  is  neither  smooth  nor  rigidly 
rough. 

ii.  The  equivalent  level  of  zero  velocity  (distant  d  above  the 
soil  surface)  is  not  a  solid  plane  but  can  be  penetrated 
by  eddies. 

iii.  The  law  is  not  expected  to  hold  near  a  level  of  velocity 
maximum  and  is  useless  above  such  a  level. 

iv.  In  strong  natural  convections,  mean  profiles  are  only 
statistically  representative  of  thermal  updrafts,  and  the 
basic  assumption  that  mixing  length  is  small  compared 
with  height  above  the  surface  is  not  valid. 

There  is  little  to  be  done  about  these  difficulties.  Practically 
they  pose  the  question:  Is  the  log  law  still  useful  or  would  the 
power  law  be  more  useful?  At  present  it  seems  that  stability- 
modified  forms  of  aerodynamic  relations  via  the  log  law  are 
more  useful. 

5.  If  we  try  to  use  the  concept  of  fully  rough  flow,  we  do  not  have: 

i.  an  overhead  solid  surface  generating  cross  eddies,  nor 

ii.  fixed  heights  of  roughness,  kg ,  as  to  top  of  sand  grains,  nor 

iii.  a  diameter  of  the  flow  section  useable  as  a  length  element 
in  a  Reynolds  number  to  characterize  the  flow  regime  into 
laminar,  laminar -turbulent,  and  turbulent.  Furthermore, 

iv.  shear  stress  outdoors  does  not  vary  with  height  in  the  same 
manner  as  in  conduit  flow  or  channel  flow,  and 
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v.  outdoor  air  flow  ia  not  the  result  of  pressure  drop  along  the 
direction  of  flow. 

In  spite  of  the  above  five  limitations,  the  analytical  forms  used  to  describe 
aerodynamic  and  pipe  flow  are  firmly  established  and  should  be  very  useful 
as  a  framework  or  starting  base  for  analyzing  the  more  complex  outdoor 
eddy  transfers.  Some  aerodynamic  experts  even  say  that  if  we  could  furnish 
an  accurate  enough  velocity  profile,  they  could  specify  the  flow  regime. 

Excluding  discussions  on  turbulence  theory  which  need  more  basic 
data,  the  most  prevalent  doubt  about  mathematical  formulation  of  vertical 
profiles  of  velocity  concerns  the  choice  between  the  logarithmic  “law  of 
the  wall’’  and  the  power  law  (log-log  plotting).  The  former  is  considered 
more  theoretical  and  ia  firmly  based  on  similarity  concepts.  The  latter  is 
usually  found  in  analyses  of  diffusion  and  is  closer  to  dimensional  analysis. 
Neither  form  fits  the  data  exactly  for  constant  flux  rates  in  non-neutral 
stability  conditions;  botH  however,  fit  observations  for  limited  heights  with¬ 
in  the  usual  precision  of  observations;  and  the  two  forms  are  related  in 
ordinary  shear  flow.  Thus  the  choice  between  these  two  mathematical 
forms  depends  more  on  familiarity  and  convenience  in  automatic  comput¬ 
ing  programming  than  in  possibly  spurious  results  as  the  limits  of 
applicability  are  approached.  In  reporting  this  initial  phase  of  investiga¬ 
tion  of  eddy  transfers,  we  are  using  the  log  law  concept  modified  by  a  low 
order  two-term  function  to  nearly  fit  the  curvature  seen  in  semi-log 
plotting  of  the  data.  Rather  than  expand  to  second  order  correction  to 
improve  the  Monin-Obukhov  (1954)  approach,  a  function  in  (z/L)1^  is  used 
on  this  year’s  profiles.  This  affects  the  magnitude  of  zq  and  increases 
skepticism  of  its  use  as  a  “roughness  parameter’’.  Mathematically  it  is 
merely  an  integration  constant.  This  is  discussed  in  more  detail  under 
interpretation  of  profiles.  More  serious  problems  of  mathematical  form, 
however,  can  come  above  the  layer  of  strong  frictional  shear  especially 
near  zero  gradients.  For  instance,  we  need  to  know  the  finite  magnitudes 
of  eddy  diffusivities  where  they  are  revealed  only  by  turbulence  intensity 
or  by  the  transport  of  other  fluxes  whose  gradients  are  not  zero. 

Finite  Eddy  Transfer  Coefficients  through  Planes  of  Zero  Net  Momentum  Flux. 

Although  eddy  diffusivities  do  not  describe  a  whole  system  well  be¬ 
cause  they  increase  with  height,  one  of  the  insidious  deductions  from  steady 
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shear  flow  near  a  solid  surface  is  that  eddy  viscosity  itself  varies  with 
velocity  gradient.  This  concept  is  a  false  carryover  from  its  proper  defini¬ 
tion  as  the  ratio  of  momentum  flux  rate  to  velocity  gradient. 

Since  air  flow  outdoors  is  inherently  more  complex  than  steady- state 
fluid  flow  which  forms  the  background  of  all  conventional  formulations  for 
eddy  transfers,  the  simplifying  assumptions  need  to  be  examined  with  care. 
In  view  of  the  continuity  in  bulk  flow,  but  frequently  with  irregular  profiles 
of  velocity  and  temperature,  any  concept  that  goes  to  infinity  within  the 
gross  boundary  layer  must  be  considered  not  by  itself  but  only  in  combina¬ 
tion  with  another  factor  so  that  the  two  together  are  always  of  finite  magni¬ 
tude  Furthermore,  no  eddy  transfer  coefficient  should  be  considered  zero 
just  because  there  happens  to  be  zero  gradient.  Probably  the  best  analogy 

for  this  is  the  known  simultaneous  evaporation  and  condensation  at  a  water/ 

u 

air  interface  even  when  there  is  zero  change  in  total  quantity  of  liquid. 
Similarly  for  net  eddy  transfers,  it  is  erroneous  to  define  eddy  viscosity  in 
terms  of  velocity  gradient  ignoring  the  concurrent  shear  stress  that  is  an 
essential  part  of  the  basic  defining  equation:  i/p  *  KM  8 u/fiz . 

The  outstanding  example  of  erroneous  evaluation  of  is  that  of 
Nikuradse  (1932)  still  reported  in  authoritative  texts  in  fluid  mechanics. 
Derggren  (1963)  shows  that  this  error  comes  from  Nikuradse’s  using  a 
semi-cubic  equation  to  smooth  his  velocity  profile  (not  publishing  his 
original  observations).  Since  eddy  transports  of  sand  grains  and  of  heat 
transversely  across  conduit  center  are  well  proven,  it  is  obvious  that 
eddying  occurs  across  the  plane  of  zero  shear  and  thus  there  must  be  a 
finite  eddy  viscosity  at  Su/gy  ■  0.0  possibly  of  full  magnitude  as  is  true  of 
viscosity  in  laminary  flow.  The  essential  mathematical  requirement  for 
indicating  finite  eddy  viscosity  here  is  simply  that  the  velocity  gradient  and 
the  shear  stress  both  approach  zero  at  proportional  rates.  This  is  sub¬ 
stantially  true  for  the  parabola  deduced  for  laminar  flow  and  is  also  satis¬ 
fied  sufficiently  by  the  error  function  (Brooks  &  Berggren  1944).  The 
latter  yielding  a  wide  shallow  dip  at  velocity  maximum  has  since  been 
found  to  explain  satisfactorily  the  cross-midstream  distribution  of  fine 

#  A  glass  of  tritiated  water  standing  uncovered  in  a  laboratory  (where 
the  dew  point  is  near  the  water  temperature)  will  lose  its  tracer 
quality  in  a  week  without  change  in  water  level. 
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sediment  in  turbulent  flow. 

Outdoors  at  the  level  of  a  velocity  maximum  in  a  bulge  in  the  velocity 
profile,  the  change  of  sign  is  clear  enough  in  passing  through  aero  but  not 
the  real  magnitude  of  eddy  viscosity.  Nevertheless  there  are  natural  out¬ 
door  air  flows  for  which  the  actual  change  in  shear  stress  can  be  estimated 
reasonably  well.  These  are  in  density  currents  particularly  of  chilled  air 
flowing  downhill  on  clear  calm  nights  such  as  shown  in  Fig.  II- 1.  Below  this 
level  of  aero  net  momentum  exchange,  the  integrated  body  force  of  the 
chilled  air  in  steady  flow  downhill  is  balanced  by  the  surface  friction  drag 
force.  Above  the  level  of  aero  shear,  the  integrated  body  force  in  steady 
flow  is  balanced  by  the  fluid  friction  in  the  air  current  underrunning  the 
stationary  overhead  air.  If  the  overhead  air  moves  against  the  density 
current,  the  integrated  body  force  above  zero  shear  level  can  balance  the 
greater  overhead  air  friction  by  (i)  increasing  the  shear  in  the  current 
above  zero  shear  level,  or  (ii)  by  decreasing  the  maximum  velocity.  For 
the  laminar  case  the  modification  of  Prandtl’s  (1952)  solution  (Brooks  8c 
Schultz,  1958)  by  N.  H.  Brooks  shows  that  the  maximum  velocity  decreases 
if  a  counter  force  is  applied  overhead,  and  the  real  velocity  gradient  in¬ 
creases  above  the  level  of  zero  shear.  The  greater  gradient  (with  constant 
viscosity)  balances  the  extra  overhead  drag.  The  corresponding  extreme 
flow  systems  investigated  in  laboratories  are  of  natural  convection  near  a 
heated  vertical  plate.  The  laminar  case  reported  by  Schmidt  8c  Beckmann 
(1930)  includes  a  numerical  solution  by  Pohlhausen  well  summarized  by 
Jakob  (1949).  An  alternative  solution  has  been  extended  to  natural  turbulent 
convection  near  a  longer  heated,  vertical  wall  by  Eckert  8c  Jackson  (1950). 

The  physical  likelihood  of  a  strong  eddy  viscosity  continuing  across 
the  plane  of  zero  shear  can  be  visualized  readily  in  the  substantial  rms 
concept  of  gustiness.  Developing  Sutton’s  (1953)  physical  interpretation  of 
eddy  viscosity  based  on  turbulence  intensity  instead  of  velocity  gradient, 
eddy  viscosity  for  vertical  transport  is  defined: 

(II- la)  K*  ,( (  w*2)1/2  ,  cm^/ sec, 

which  suits  the  flux  equation  for  shear  stress  T/p,  m  Kj,  5u  . 

5* 
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Figure  II- 1,  Semi-log  plot  of  velocity  and  eddy  viscosity  for  a 
density  current. 
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The  root  mean  square  vertical  velocity  is  the  essence  of  vertical  gustiness 

— z  l/2  — 

G  *  ( w  )  '  /  u  and  is  evaluated  by  hot-wire  anemometers  or  the  conven¬ 
tional  Taylor  bivane,  Measurements  of  diffusion  can  also  be  used.  Thus 
eddy  viscosity  can  be  expressed: 

(II- lb)  Kx.  *  /  G  u  ,  cm^sec. 

This  well  shows  the  finite  physical  nature  of  eddy  viscosity  and  that  it  is 
unlikely  to  change  suddenly  with  height  above  ground  since  all  three  factors 
on  the  right  hand  side  are  smoothly  continuous  with  distance  above  the  ground. 

Gustiness  in  the  direction  of  mean  wind  =  (u'  )  '  /  u  is  substan¬ 
tially  the  definition  of  turbulence  intensity.  For  the  carefully  built  wind 

tunnel  at  the  University  of  California  at  Berkeley, which  was  used  for  ane- 

-4 

mometer  calibration,  this  turbulence  level  varied  from  1  to  4.5  x  10  for 

velocities  ranging  from  21  to  75  feet  per  second.  For  vertical  eddy  diffusion, 

measurements  by  Taylor  bivane  at  2-meter  height  over  trampled  dry  grass 

near  Davis,  California  (see  Brooks,  1959,  p.  108)  show  G  =0.02,  0.04,  and 

z 

0.10  approximately  for  strongly  stable,  moderately  stable  and  normal  un¬ 
stable  conditions  respectively.  These  are  for  very  flat  ground  with  no  trees 
for  more  than  a  mile  and  windspeed  less  than  3  m/sec.  Scrase  (1930)  re¬ 
ports  G  =0.15  and  0.21  over  grass  in  a  mean  wind  speed  of  10  m/s. 
z 

Single  Surface  Turbulent  Flow 

The  primary  difference  between  air  flow  outdoors  and  in  a  wind  tunnel 
is,  of  course,  the  absence  of  a  solid  overhead  surface  generating  cross 
eddies  as  previously  mentioned  in  dissimilarity  No.  5.  Boundary -layer  in¬ 
vestigations  are  reported  almost  without  reference  to  the  surrounding 
surfaces,  but  are  interpreted  by  using  a  horizontal  length  concept  for  organ¬ 
izing  flow  results  by  Reynolds  Number.  This  is  not  applicable  for  continuous 
ground  outdoors  as  outlined  in  dissimilarity  No.  3.  Some  laboratory  investi¬ 
gations  in  fluid  flow,  however,  study  the  near- surface  conditions  in  great 
detail  and  these  give  some  insight  into  the  problems  of  outdoor  shear  flow. 

Before  tackling  the  great  difficulties  with  buoyancy- stratified  fluid 
flows,  the  effect  of  a  single  rough,  bounding  surface  (the  ground  and  foliage) 


OlSTANCE  FROM  FLAT  PLATE,  y/i 


VELOCITY  RATIO,  S./LU 


Figure  II- 2.  Semi-log  plot  of  Klebanoff's  (1955)  measurements  of 

turbulent  flow  over  a  flat  plate  with  calculation  of  eddy 
viscosity  revealing  a  maximum  at  1/3  the  thickness 
of  the  boundary  layer. 
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needs  to  be  compared  as  well  as  possible  with  conduit  flow  between  walls  of 
known,  regular  roughness.  First  is  the  difference  in  single-sided  generation 
of  frictional  eddies.  Within  the  laminar  layer  the  development  of  turbulent 
spots  (Meyer  and  Kline  1961)  is  influenced  by  the  upstream  turbulence  in¬ 
tensity  which  will  be  less  when  no  turbulence  eddies  are  arriving  by  migra¬ 
tion  from  an  opposite  wall.  Schultz-Grunow  (1940)  demonstrated  that  the 
velocity  profile  ovei  a  flat  plate  deviated  from  the  pipe-flow  formula  at 
distances  above  about  1  / 1 0  the  thickness  of  the  boundary  layer.  Most  of  the 
experiments  with  rough  surfaces,  however,  were  made  in  conduits.  It  is 
essential,  therefore,  to  find  an  acceptable  method  for  adapting  tunnel  findings 
to  infinite  flat  single  surfaces. 

Going  directly  to  flat  plate  experiments  by  Klebanoff  (1955),  Figure  II- 2 
gives  the  eddy  viscosity  factor  calculated  from  his  measurements  of  velocities 
and  of  Reynolds  stresses  at  20  successive  distances  from  the  wall  extending 
to  4/3  boundary  layer  thickness.  This  shows  clearly  a  maximum  at  y/s  =  l/3 
and  a  residual  magnitude  of  about  30  per  cent  of  maximum  near  the  top  of 
the  boundary  layer  where  it  becomes  indeterminate  as  velocity  gradient  and 
shear  stress  approach  zero  together.  Presumably  the  intensity  of  turbulence 
here  is  the  free  stream  turbulence  which  is  always  available  for  eddy  trans¬ 
fers  whenever  a  gradient  occurs.  Although  the  shape  of  eddy-viscosity  pro¬ 
file  shown  in  Fig.  II- 2  is  highly  significant,  it  leaves  unsettled  the  question 
of  how  far  is  peak  intensity  from  a  surface  of  infinite  length.  Possibly  this 
question  could  be  answered  by  evaluating  a  natural  downstream  decay  rate 
somewhat  as  in  a  wake  or  a  jet  in  free  air. 

A  surface  drag  interpretation  independent  both  of  distance  from  a 
leading  edge  and  of  conduit  size  needs  to  be  made  for  interpreting  open¬ 
sided  flow  over  the  ground.  Ordinarily  this  is  calculated  from  velocity 
gradient  determined  either  by  power-law  log-log  plotting  of  wind  speeds  at 
a  series  of  heights,  or  by  log-law  plotting  on  semi-log  graph  paper. 
Interpretation  of  Profiles  by  von  Karman’s  Law- of-the- Wall 

Micrometeorologists  usually  prefer  the  log-law  concept  of  velocity  dis¬ 
tribution  and  consider  the  extrapolated  intercept  zq  at  u  =  0.0  as  a  roughness 
parameter.  Although  zq  varies  with  friction,  it  is  merely  the  integration 
constant  appearing  from  the  assumed  differential  equation.  Its  physical 
significance  is  most  apparent  as  the  straight  line  intercept  in  steady  wind 
at  times  of  neutral  stability.  It  seems  more  useful  to  investigate  the  von 
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Kac-man  (1930)  conatant  which  is  the  basic  factor  for  eddy  transfers.  The 
primary  shear  flow  equation  is: 

(II- 2)  u*  =  k  z  ,  cm/sec. 

*  u  g  z 

The  integrated  form  expressing  velocity  profile  (including  a  height  correction 
d)  is: 


(11-3.)  1 

u*  "K  z 

*  u  o 

Converting  this  to  10-base  logarithms  and  introducing  u */y  in  numerator  and 
denominator  of  the  log  term,  the  common  formula  for  velocity  profile  is: 


(II- 3b) 


u„ 


.  2.3026 

t ; — 


log 


z-d  2.3026 


10 


f,  Vz-d)  ,  u*zol 

[lg-^P -  -  V  J 


The  first  form  of  Eq.  II- 3b  is  used  for  graphical  determination  of  zq  and  for 

determining  the  displacement,  d,  of  the  equivalent  zero  plane. 

The  second  form  is  used  by  Nikuradse  to  interpret  his  velocity  profiles 

\i  k 

for  water  flow  in  rough-wall  pipes  as  a  function  of  lg  *  s  directly  com- 

— y - 

parable  with  the  conventional  micrometeorological  expression  given  in  the 
first  part  of  formula  (II- 3b)  namely: 


(II- 3c)  u_  =  5.75  lg  —  =  5.75  lg  +  A 
*08 

His  five  expressions  for  A  are  given  in  Table  II- 1  ranging  from  smooth  to 
fully  rough  flow.  These  expressions  are  for  pipe  walls  coated  one  layer  deep 
with  sand  particles  of  height  k^.  In  the  table  an  example  calculation  for  zq 
assuming  an  equivalent  k  of  35  cm  shows  that  z  is  not  a  constant  “rough- 
ness"  parameter  because  even  for  fixed  sand  roughness  it  varies  with  type 
of  flow  as  expressed  for  the  5  regimes.  All  these  are  without  effects  of 
thermal  stratification  which  also  are  important  as  shown  by  Sheppard  (1947). 

Sutton  (1953,  p.233)  shows  that  the  fully  rough  flow  regime  holds  in  most 
meteorological  conditions.  For  low  wind  speed,  however,  it  is  evident  that 
«o  may  depend  on  both  friction  velocity  and  viscosity.  To  interpret  flow  re¬ 
gimes  over  various  forms  of  roughness  elements  a  very  significant  conversion 
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has  been  established  by  Schlichting  (I960,  p.  527)  relating  various  widely- 
spaced  obstructions  to  equivalent  sand  roughness  k^.  Thus  an  equivalent 
surface  Reynolds  number  u*  ^s  can  be  determined  from  surface  drag  given 
in  terms  of  roughness  height 

Plan  of  Interpretations  of  Eddy-Transfer  Profiles 

The  main  weakness  in  investigations  of  eddy  transfers  outdoors  is  the 
necessity  for  assuming  the  magnitudes  of  some  of  the  basic  coefficients, 
usually  von  Karman’s  coefficient.  In  this  chapter,  therefore,  particular  care 
has  been  taken  to  express  the  whole  diurnal  exchange  system  in  coefficients 
directly  measurable  from  observed  profiles  of  windspeed,  temperature  and 
humidity,  and  simultaneous  known  flux  rates  directly  measured  as  for  evapo- 
transpiration  with  Pruitt’s  weighing  lysimeter  (Chapter  III)  and  by  energy 
balance  for  convective  heat  flux  (Chapter  I).  Working  with  the  usual  log-law 
concept  for  mathematical  interpretation  of  profiles,  two  coefficients  can  be 
determined  directly.  The  first  is  the  slope  of  the  profile  (with  logarithmic 
ordinate)  which  is  labeled  0  and  a  second  coefficient  f  to  describe  the  curva¬ 
ture  of  the  profile  as  plotted  on  semilog  paper.  Graphical  examples  are 
given  in  Figures  II- 7  and  8.  Both  of  these  profile  coefficients  apply  to  the 
whole  height  (considered  as  having  constant  vertical  flux  rates)  and  are 
readily  determined  by  automatic  computer  in  the  curved  logarithmic  regression 
line  of  least  squares  fit  (see  Chapter  IX).  An  appropriate  magnitude  for  zq, 
however,  needs  to  be  specified  because  the  downward  extrapolation  under 
diabatic  conditions  is  highly  sensitive  to  the  scatter  in  observations  at  low 
levels. 

Another  difficulty  in  interpreting  diabatic  profiles  is  the  lack  of  a 
stability  criterion  for  the  profile  as  a  whole.  Richardson  Number  is  impor¬ 
tant  but  it  varies  nearly  directly  with  height.  The  use  of  aQ/L  has  been 
suggested  as  a  scale  for  stability  but  at  this  time  a  simpler  stability  index 
_  H/pc  seems  adequate.  This  depends  only  on  heat  flux  rate  and  the 
slope  of  the  velocity  profile.  Hourly  values  for  July  are  given  in  Table  II-3 
which  describes  conditions  for  the  whole  vertical  spread  of  observations. 

This  dimensional  index,  in  °C,  includes  velocity  gradient  (in  the  P  L )  to  the 
first  power  instead  of  squared  as  in  the  Richardson  Number.  One  advantage 
of  the  t*  stability  scale  is  the  relatively  uniform  spread  near  neutral  conditions. 
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Eddy  transfers  of  momentum,  heat  and  moisture  all  depend  on  air 
turbulence  generated  by  shear  flow  above  a  smooth  surface,  by  dynamic 
eddies  around  elements  of  a  rough  surface  and  by  shear  between  two  fluid 
streams.  Wind  tunnel  research  has  developed  transfer  theories  mainly 
based  on  the  Prandtl  mixing  length  concept  and  von  Karman’s  similarity 
hypothesis  which  result  in  the  log-law  concept  of  velocity  profiles  above 
a  solid  surface.  In  the  extension  of  this  concept  to  eddy  transfers  of  heat 
and  moisture  when  gradients  of  temperature  and  moisture  exist,  all  three 
transfers  naturally  depend  on  turbulence  above  a  surface  of  given  character¬ 
istics.  As  shown  later  the  friction  velocity,  u#,  is  taken  as  basic  to  all  3 
eddy  transfers  so  particular  attention  must  be  paid  to  its  determination. 
Direct  measurement  of  shear  stress  is,  of  course,  the  best  method,  and 
this  is  now  possible  here  with  the  new  floating  lysimeter. 

Two  surface  characteristics  to  be  evaluated  from  velocity  profiles 
should  be  determined  at  times  of  neutral  stability  to  s  'it  theory  developed 
from  isothermal  wind-tunnel  tests.  For  dry  air,  neutral  stability  is  re¬ 
presented  by  temperature  profiles  nearly  isothermal  with  height,  namely  by 
the  small  dry-adiabatic  gradient  of  -l°C/l00m.  When  there  is  a  vertical 
flux  of  water  vapor,  there  is  a  further  correction  for  air  density  near  the 
ground  because  of  the  18  molecular  weight  for  water  vapor  compared  with 
29  for  dry  air.  Instead  of  separately  calculating  the  density  influence  of 
water  vapor,  the  common  practice  is  to  use  virtual  temperature,  namely  a 
dry  air  temper,  hire  having  the  same  density  as  that  of  the  mixture  of  dry 
air  and  water  vapor.  Then  the  definition  of  neutral  stability  is  when  the 
gradient  of  virtual  temperature  equals  the  dry  adiabatic  rate  (Brunt,  1939, 
p.44).  In  the  usual  diurnal  cycle  passing  from  unstable  to  stable  in  mid 
afternoon  the  extra  upward  flux  of  water  vapor  from  strong  evapotranspira- 
tion  delays  the  time  of  neutral  stability  slightly. 

Determination  of  Friction  Velocity  uA  from  Measurement  of  Air  Drag 

With  the  new  floating  lysimeter  of  6m  diameter,  determinations  of  u* 

2 

can  now  be  made  from  calibrated  observations  of  air  drag  on  the  28.5m 

surface.  This  furnishes  direct  measurements  of  T  ,  and  thus  of  the  friction 
I  o  ft 

velocity  u,,,  =  \j^0/p  ■  Under  conditions  of  neutral  stability  the  measurement 

!  Since  perfectly  neutral  stability  rarely  exists  even  over  moderate 

height,  U#  should  be  considered  as  a  function  of  height.  Then  possible 
departure  at  upper  and  bottom  anemometer  levels  can  be  ascribed  to 
advection  effects  or  unavoidable  temperature  gradients. 
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of  u,,,  compared  with  its  expression  by  the  corresponding  velocity  profile 
determines  the  Karman  constant  shown  in  Table  VII- 2  and  analogous 
profile  indicators  of  friction. 

The  first  need  is  to  determine  the  height,  d,  of  the  equivalent  aero 
plane  (approximately  0,8  x  height  of  close -planted,  rounded  vegetation).  This 
is  considered  constant  day  and  night  and  is  best  determined  at  the  two  times 
of  neutral  stability  as  the  vertical  shift  in  the  z  ordinate  needed  to  make  the 
semilog  velocity  profile  straight.  For  the  July  1962  run,  the  velocity  pro¬ 
files  are  somewhat  unreliable  because  of  occasional  counter  trouble  and 
possibility  of  misreading.  However,  around  the  two  neutral  times  of  0630 
and  1500  a  displacement  height  of  d  -10  cm  seems  most  suitable.  The 
second  characteristic,  the  zq  intercept,  apparently  is  not  constant  through¬ 
out  the  24  hours  being  about  1.1  cm  in  the  morning  and  1.9  cm  in  mid  after¬ 
noon.  This  change  shows  a  variation  in  flow  regime  rather  than  change  in 
surface  roughness.  Although  the  observed  outdoor  velocities  seem  too  high 
to  get  down  to  Nikuradse’s  regime  III  or  II  in  Table  II- 1,  the  calculated  zo’s 
agree.  It  seems  likely,  therefore,  that  stability  modification  of  turbulence 
can  act  as  if  increasing  kinematic  viscosity  thus  increasing  u*  to  compare 
with  observed  outdoor  magnitudes  of  velocity. 

To  calculate  friction  velocity  for  the  two  neutral  times  using  a  best 
fit  of  a  vertical  series  of  observations  by  machine  computation,  the  expression 
II- 3a  is  used.  In  the  graphical  determination  of  displacement  heights,  d,  the 
neutral  friction  velocity  u+  is  k^  times  the  slope,  /9  of  the  ultimate  straight 
line  evaluated  over  one  natural  log  cycle  of  the  height  scale.  In  common 
logarithms  this  coefficient  is  expressed: 


(II- 4a) 
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where  z'  is  used  for  the  corrected  height  z-d  above  the  zero  plane.  The 
intercept  z  determined  simultaneously  is  highly  sensitive  to  the  choice  of 
d,  therefore  keeping  the  indicated  value  of  zq  reasonable  is  part  of  the  pro¬ 
cess  of  determining  d.  As  already  mentioned,  a  diurnal  fluctuation  in  zQ 
of  possibly  +  40  per  cent  can  be  expected,  so  a  preferred  value  or  reasonable 
diurnal  cycle  needs  to  be  specified  for  the  intervening  diabetic  profiles  as 
indicated  by  the  bottom  of  the  profiles  in  Figure  II-4. 


42 


F.A.  Brook* 


To  evaluate  friction  velocity  for  diabatic  conditions  in  the  absence  of 
measured  air  drag,  the  usual  formulas  indicate  that  besides  the  Karman 
constant,  the  temperature  profile  is  involved  in  addition  to  the  velocity  pro¬ 
file.  However,  the  curvature  in  the  velocity  profile  is  due  to  thermal  effects, 
and  this  is  only  a  departure  from  the  main  slope  which  reflects  main  shear. 
Thus,  the  asymptote  of  the  curved  shape  of  the  velocity  profile  determines 
u*/hu  which  can  be  used  in  the  formula  for  in  non-neutral  conditions 
without  evaluating  temperature  gradients.  When  the  integral  form  of  dif¬ 
ferences  of  two  levels  is  used  in  order  to  avoid  zq,  the  common  expression 
for  non-neutral  conditions  is: 


( II  -  4b ) 
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it  being  assumed  that  both  points  lie  on  the  same  analytical  curve  and  have 
the  same  zq  (not  evaluated).  The  curvature  of  this  semi-log  graph  is  ex¬ 
pressed  by  the  last  term  in  the  denominator.  Although  the  whole  curvature 
is  due  to  a  constant  heat  flux  represented  by  the  Monin- Obukhov  characteris¬ 
tic  length  L,  the  dimensional  factor  (“  j/L),  for  heights  well  below  L,  can  be 

evaluated  directly  regardless  of  the  magnitude  of  L.  This  is  significant 

3 

because  the  definition  of  L  itself  includes  u*  : 
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To  represent  a  full  sweep  of  observations  at  4  and  more  levels  re¬ 
peating  every  one  or  two  minutes,  the  profile  formula  II-4b  with  u^  =  zero 

and  z\  =  z  is  more  useful  and  the  automatic  computer  can  solve  this 
1  o 

equation  for  u^/k  ,  °/L,  and  z  simultaneously  unless  z'  approaches  L. 

The  computer  program  thus  yields  calculated  velocity  for  each  observation 
level  and  also  the  curvelinear  velocity  gradient  needed  for  determination 
of  eddy  viscosity  and  of  Richardson  number  both  of  which  increase  with 
height.  Automatic  least  squares  determination  of  the  deviation  of  the  ob¬ 
served  values  then  indicates  the  accuracy  of  interpretation  by  the  log-law 
concept.  If  there  is  random  scatter,  this  calculation  of  variance  might  be 
considered  as  indicating  the  combined  three-fold  inaccuracy  of  the  observa¬ 
tions,  the  statistical  procedures  of  determining  mean  values,  and  the 
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application  of  the  log-law  profile  concept.  If,  however,  conaistent  deviation 
appears  at  the  extremes  of  the  profile,  this  may  indicate  that  either  the  first- 
order  stability  function  ^  (z/L)  is  inadequate,  or  that  the  upper  part  should 
be  excluded  from  the  profile  determination  as  being  above  the  level  properly 
dominated  by  the  controlled  area  of  the  test  site.  Strong  departures  at  the 
bottom  indicate  excessive  influence  by  the  local  ground  cover. 

During  high  flux  rates  of  convective  heat  it  is  found  here  that  the  two- 
term  expression 


fin  *  oi  —  is  inadequate.  Rather  than  use  3  or  more  terms  of  the 

power  series  it  seems  better  to  use  another  mathematical  form.  The  power 
law  is  the  usual  alternative  to  the  log  law  and  has  proved  very  useful  especially 
for  profiles  under  stable  conditions.  Even  this,  however,  often  yields  a 
curved  line  on  log-log  paper,  so  it  seems  better  to  stay  closer  to  the  log  law 
and  start  with  a  differential  expression  having  a  fractional  power  correction 
for  curvature,  fi  When  more  precise  data  are  available,  the  exponent 

n  can  be  solved  for  or  an  entirely  new  function  found  more  compatible  with 
turbulence  theory.  Present  data  are  fitted  fairly  well  using  simply  n  =  2  for 
profiles.  With  this  modification,  the  basic  differential  expression  is: 
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where  The  gradients,  however,  are  not  as  good  as  found  by 

graphical  smoothing  above  about  half  the  z^  height  for  indicated  zero  grad¬ 
ient  (see  Table  II- 3)  unless  the  flux  rate  is  known  to  approach  zero  at  a 
low  height.  Upon  integration  this  leads  to  the  profile  formula: 
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where  z'  is  used  for  convenience  in  place  of  z-d,  zq  is  on  the  z'  scale,  and 
2^/z'o  is  negligible.  Formulas  for  eddy  transfers  of  momentum,  heat  and 
moisture  are  given  in  parallel  in  Table  II- 2  using  this  modified  form  which 
provides  more  gradual  curvature  than  n  =  1  as  used  by  Monin- Obukhov. 

In  general,  the  prime  objective  in  choosing  the  modified  log  law  to  fit 
all  the  observed  profile  data  with  smooth  curves  yielding  the  least  algebraic 
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deviation,  is  to  describe  the  vertical  distributions  of  windspeed,  temperature 
and  humidity  so  consistently  that  time  variations  in  flux  rates  measured  at 
the  surface  can  be  followed  logically  in  the  time  variations  in  eddy  transfers 
above  the  ground.  An  important  advantage  in  consistent  smoothing  procedures 
is  the  uniform  time  constant  essential  to  evaluation  of  time  lags  known  to 
exist  between  fluctuations  in  net  radiation  and  responses  in  air  profiles. 
Profile  Curvature  Coefficients  Related  to  a  from  the  Function  (1  +  &  (z/L)) 

Considerable  interest  has  been  focussed  heretofore  on  the  numerical 
magnitude  of  the  Monin- Obukhov  <*  which  they  gave  as  -0.6  +  10%.  Taylor 
(I960)  found  a  value  10  times  greater  and  in  theoretical  analysis  Neumann 
(1962)  recommends  6.  Our  profiles  are  not  well  fitted  by  the  original  Monin- 
Obukhov  function  because  often  the  heat  length  L  is  less  than  the  height  of 
our  6-meter  masts.  However,  in  the  related  function  £l  +  2y'(z  •/L>172) 
fitting  our  profiles  better,  the  numerical  magnitude  of  2  y'  is  of  interest  in 
the  same  sense  that  a  is  a  significant  constant.  The  calculations  for  30-31 
July  1962  are  listed  in  Table  II- 3 .  The  scatter  in  these  hourly  determinations 
is  due  largely  to  variable  wind  velocity  which  has  an  inverse  effect  on  the 
degree  of  instability  and  also  on  slopes  of  the  temperature  and  humidity 
profiles. 

Although  the  Monin-Obukhov  heat  length  L  appears  in  the  profile 
expression*,  the  analytical  curve  can  be  determined  before  the  magnitude 
of  l/L.  is  known  simply  by  finding  the  that  gives  the  best  fit  for  the 

observed  curvature  in  the  profile.  Then  the  f  '(which  is  like  the  Monin- 
Obukhov  a)can  be  determined  from  f’  -  f\jL  It  is  obvious  that  calculations 
during  the  collapse  of  the  daytime  heating  are  unrealistic  for  several  hours. 
Part  of  the  difficulty  can  be  ascribed  to  differing  time  lags  in  the  various 
components  and  the  consequent  involvement  of  heat  storage  not  included  in 
the  simplified  expressions  used.  Nevertheless,  for  11  consecutive  hours 
during  stable  conditions  from  1800  to  0500,  the  non-dimensional  curvature 
coefficient  2y^  has  an  average  of  1.1  with  standard  deviation  of  only  0.14. 

In  unstable,  daytime  conditions  the  average  from  0700  to  1300  is  -1.24  with 
standard  deviation  0.50.  With  these  values  and  a  known  velocity  coefficient 


Only  the  absolute  magnitudes  of  l/L  are  used  in  order  to  avoid  nega¬ 
tive  z/L  when  heat  flux  reverses.  The  proper  sign  for  the  temperature 
profile  automatically  appears  in  the  determination  of  /8 
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one  can  construct  curved  semilog  velocity  profiles  appropriate  for  a 
given  heat  flux  rate  for  any  time  of  day  except  during  the  afternoon  period 
of  transition  from  lapse  to  inversion  condition. 

The  upper  limit  of  applicability  of  the  modified  log-law  expression 
for  profiles  under  non-neutral  conditions  is  no  longer  based  on  convergence 
requirements  for  a  power  series  but  depends  simply  on  how  well  the  two- 
term  expression  represents  the  observed  data.  However,  under  unstable 
conditions  Eq.  II- 4c  if  extended  upward  will  eventually  reach  a  level  indi¬ 
cating  zero  gradient,  which  is  incompatible  with  the  usual  assumption  of 
flux  rates  constant  with  height.  Thus  the  extrapolated  heights,  z^,  in  Table 
II- 3  are  of  some  interest  and  become  significant  when  the  formulas  represent 
profiles  having  maximums  as  expected  with  advection  and  shown  in 
Poppendiek’s  sinusoidal  treatment  of  horizontal  differences. 

Hourly  Profiles 

To  show  the  daily  sweep  of  temperature  in  midsummer  Fig.  II- 3  gives 
the  diurnal  curves  of  air  temperature  at  25,  100,  200  and  600-cm  levels 
smoothed  by  computer  as  described  in  Chapter  IX.  The  observed  20-minute 
mean  temperatures  are  also  point  plotted  for  the  25-cm  level  to  show  the 
advantage  of  the  9-point  parabolic  time  smoothing  which  still  retains  hourly 
variations. 

Figures  11-4,5,  and  6  give  the  hourly  profiles  of  windspeed,  temperature 
and  humidity  for  30-31  July  1962  in  semi-log  form  -  all  influenced  by  the 
degree  of  atmospheric  stability.  These  have  since  been  computed  by  machine 
as  logarithmic  regression  lines  with  square  root  modification  for  curvature 
as  described  in  Chapter  IX.  Profiles  of  temperature  are  particularly  signi¬ 
ficant  for  all  eddy  transfers  outdoors  because  of  the  influence  of  tempera¬ 
ture  gradient  on  the  degree  of  stability  of  atmospheric  stratification  near 
the  ground.  The  temperature  profile  immediately  shows  stability  or  in¬ 
stability  by  the  direction  of  its  slope  namely  by  whether  is  positive  or 
negative.  This  depends,  of  course,  on  whether  the  convective  heat  flux, 

Hc,  is  toward  or  away  from  the  interface.  The  characteristics  of  the  temp¬ 
erature  profile,  however,  can  be  described  completely  by  the  and  y  % 
coefficients  before  knowing  the  magnitude  of  the  heat  flux. 

So  much  depends  m  the  shape  of  vertical  profiles,  a  graphical  descrip¬ 
tion  is  presented  in  Figs.  II- 7  and  8.  These  are  pairs  of  velocity  and  tempera 
ture  profiles  for  04  to  0500  and  11  to  1200,  P.S.T.  31  July  1962  showing  the 
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FIGURE  II- 3.  Machined  smoothed  typical  diurnal  curves  of  4  air  temperatures  of  20 
minute  means  using  9-point  least  squared  parabolic  fitting. 


47 


FIGURE  II-4.  Hourly  windspeed  profiles,  30-31  July,  1962 


FIGURE  II-5.  Hourly  profiles  of  temperature,  30-31  July  1962 
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Figure  II- 6 .  Humidity  profiles  30-31  July  1962. 
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natural  slopes  and  curvatures  for  stable  and  unstable  conditions  respectively. 
These  profiles  are  interpreted  by  Eqs.  II- 7  u,t.  The  asymptotic  slopes  ft 
are  obvious  but  for  given  profile  data  their  magnitudes,  except  at  times  of 
neutral  stability,  change  slightly  with  change  of  curvature  function  as  from 
1  +  “( z/L )  to  the  1  +  used  here.  They  also  change  with  zq,  and, 

therefore,  the  hourly  values  of  zq  are  kept  within  the  range  determined  at 
the  two  times  of  neutral  stability  and  are  used  as  virtual  anchor  points. 

The  algebraic  sign  of  the  ) f  term  is  very  significant.  If  negative,  the  curva¬ 
ture  decreases  the  semilog  magnitudes  represented  by  the  ft  slope.  Further¬ 
more,  if  a  negatively  curved  profile  is  extrapolated  upward,  a  limit  of 
applicability  is  reached  well  below  the  level  where  analytically  the  gradient 
would  be  zero.  The  latter  is  indicated  by  zy  in  Table  II-3. 

The  difficulty  in  machine  determination  of  temperature  and  humidity 
profiles,  because  there  is  no  level  of  zero  temperature  or  humidity  for  a 
zq  intercept,  is  met  by  adopting  the  zq  used  for  velocity  profiles  and  then 
finding  a  tQ  or  qQ  suitable  for  the  mathematical  expression  at  that  level. 

All  the  profiles  are  evaluated  in  terms  of  coefficients  ft  and  jf  before  L, 
or  t^  are  determined.  The  heat  flux  rate  is  then  used  to  organize  the  hourly 
variation  in  coefficients  by  a  tj,  scale,  previously  described,  which  includes 
an  observed  instead  of  friction  velocity.  Measured  rates  of  evapotrans- 
piration  show  considerable  eddy  transfer  of  moisture  during  the  afternoon 
neutral  period.  The  humidity  profile  then  has  a  large  gradient  as  does  the 
wind  but  not  temperature. 

The  above  profile  interpretation  would  need  to  be  modified  if  a  low- 
level  temperature  maximum  or  minimum  occurred  as  with  density  currents 
or  near  a  significant  horizontal  change  in  ground  conditions  as  anticipated 
by  Poppendiek  (Chapter  VI)  in  advective  flow.  In  a  time  sense,  the  equation 
can  be  applied  to  the  rapid  change  of  profile  from  low  level  neutral  stability 
to  a  lapse  of  1.2°C  in  6  meters  from  0630  to  0700,  31  July  1962  and  might  be 
interpreted  by  Poppendiek’s  system  as  shown  by  his  profiles  in  Fig.  VI-4. 

The  modification  from  his  figure  VI- 2  is  that  the  median  condition  is  not 
isothermal  but  has  a  lapse  rate  of  0.8°C  in  6  meters  linear  in  log-law 
plotting.  This  example  is  appropriate  for  natural  heat  flux  regimes  in  two 
large  areas,  one  in  balance  at  a  lower  temperature  than  the  other  because 
of  higher  rate  of  latent  heat  conversion.  The  median  lapse  rate  has  been 
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FIGURE  II-7.  Graphical  determination  of  FIGURE  II- 8.  Graphical  determination  of  tempera- 

velocity  profile  coefficients.  ture  profile  coefficients. 
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crossplotted  on  his  Fig.  VI-4  profiles  and  the  example  profile  temperatures 
spotted  vertically,  as  if  on  10  very  tall  masts  at  equal  intervals  for  the  whole 
length  of  t  .  Thus,  Fig.  II- 9  shows  a  transition  vertical  temperature  field. 
Above  6  meters  the  temperature  waves  look  natural.  In  particular  a  temp¬ 
erature  maximum  is  found  in  one  of  the  profiles  (above  station  0.3)  but  not 
above  stations  0.2,  0.3,  and  0.4  as  for  the  sinusoidal  horizontal  distribution 
of  temperature,  Fig.  VI-4.  This  example  shows  positively  that  a  temperature 
maximum  can  logically  occur  near  the  ground  in  which  case  the  exponent  n 
of  the  function  ^  (z)  curvature  correction  for  logarithmic  profiles  needs  to 
be  adjusted  to  bring  the  zero  gradient  at  the  observed  height,  or  else  some 
other  mathematical  form  be  used. 

Determination  of  Eddy  Diffusivities: 

As  mentioned  previously,  eddy  diffusivities  vary  directly  with  height, 
and,  therefore,  they  arc  not  readily  comparable  except  at  chosen  levels 
above  the  equivalent  zero  plane,  namely  at  specified  values  of  (z-d)  and  for 
specified  Richardson  number.  The  ratios  of  the  3  eddy  diffusivities  are 
more  general  and  are  commonly  used  for  gross  description  of  the  relations 
between  the  three  systems.  The  main  objection  to  this  is  the  unequal  in¬ 
fluence  of  Richardson  number,  which  also  varies  with  height  but  not  at  the 
same  rate. 

If  there  is  any  wind,  all  three  eddy  diffusivities  depend  on  the  tur¬ 
bulence  structure  of  shear  flow  and  each  includes  the  friction  velocity  u,,, 
because  for  given  flux  rates,  profile  gradients  decrease  with  increase  in 
wind  speed.  When  all  three  flux  rates:  momentum  t  ,  heat  H  ,  and  moisture 
Q  ,  are  measured,  the  analyses  of  their  corresponding  profiles  of  wind- 
speed,  temperature  and  moisture  are  rather  simple  assuming  a  basic  linear 
semilog  near-neutral  profile  for  each,  with  curvature  for  non-neutral  condi- 
tionsdescribed  by  Eqs.  7u,t,q.  All  the  neutral'  or  linear  near-neutral  semi¬ 
log  profiles  are  the  special  cases  of  the  general  expressions  when  £  (z/L)  =  1.0 
namely  when  y’(z'/L)  ^^-0.  In  diabatic  conditions,  equations  7u,t,q  can. 
still  be  used  for  determining  the  equivalent  von  Karman  coefficients  simply  by 
resorting  to  the  respective  asymptotes  as  z’  approaches  zq.  The  slopes  0 
of  these  asymptotes  depend  on  the  shape  of  observed  profile  to  its  full  height 

so  it  is  not  necessary  to  make  all  one’s  measurements  within  the  first  50 

0 

cm  as  has  been  attempted  to  avoid  diabatic  curvature. 
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The  usual  assumption  of  similarity  of  temperature  and  velocity  profiles 
shown  by  Best  (1935)  and  by  Deacon  (1953)  does  not  hold  in  stable  conditions 
because  curvatures  observed  here  are  opposite,  being  positive  while  yj, 
is  negative.  For  lapse  conditions  the  profile  shapes  are  more  similar 
with  i  j  and  both  negative,  but  the  latter  is  within  the  whole  temperature 
profile  with /S 2  negative, 

Eddy  Viscosity: 


When  actual  shear  stress  and  windspeed  profiles  are  both  measured, 
the  eddy  diffusivity  for  momentum,  Kj^,  is  known  from  the  general  defining 


equation: 
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This  holds  for  all  neutral  and  non-neutral  stability  conditions.  The  only 
limitation  occurs  when  shear  stress  is  measured  only  as  air  drag  on  the 
surface,  Tq.  Then  the  equation  applies  only  up  to  the  height  within  which 
the  vertical  flux  of  horizontal  momentum  is  constant.  Once  a  velocity  pro¬ 
file  is  expressed  analytically  the  velocity  is  known  as  a  function  of  corrected 
height  z-d  and  evaluations  can  be  made  at  any  level  by  using  and  y  ^  para¬ 
meters  to  express  gradient.  Thus: 
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This  shows  that  for  friction  velocity  constant  with  height  eddy  viscosity 
varies  almost  directly  with  height.  The  same  will  be  true  for  eddy  con¬ 
ductivity  and  eddy  diffusivity  but  with  different  departures.  Therefore,  the 
ratios  of  eddy  diffusivities  may  be  more  meaningful  than  each  by  itself. 
Determination  of  Eddy  Conductivity,  K^,  and  Eddy  Diffusivity,  K^: 

Since  we  are  expressing  temperature  and  moisture  profiles  in  the 
same  manner  as  the  velocity  profile,  the  formulas  expressing  eddy  convec¬ 
tion  of  heat  and  eddy  diffusion  of  moisture  are  all  similar  as  shown  in 
Table  II- 2.  Differences  in  magnitude  of  P  and^  are  to  be  expected  and  often 
a  dissimilar  sign  for  y ^  as  mentioned  previously.  These  parallel  expressions 

#  That  these  ft  slopes  do  vary  with  stability  can  be  seen  by  choosing  a  fixed 
profile  value  at  some  given  level  and  then  drawing  through  this  two  typi¬ 
cally  curved  velocity  profiles  one  for  stable  and  one  for  unstable  condi¬ 
tions.  It  is  then  seen  that  the  0, asymptote  shifts  from  one  side  of  the 
point  to  the  other. 


*4 
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permit  easy  generalization  of  eddy  diffusivity  ratios  as  shown  in  Eqe.  II-14u,t,q. 
Ordinarily  these  are  reported  as  functions  of  Richardson  Number,  Ri,  because 
of  strong  variation  with  stability.  It  is  not  yet  clear,  however,  that  the  eddy 
diffusivity  ratios  remain  the  same  for  Richardson  Number  changing  with 
height  or  changing  with  heat  flux  and  wind  speed.  The  ratios  shown  in  Fig. 

II- 10  are  for  the  few  hours  31  July  1962  when  strong  enough  gradients  existed 
to  indirectly  calculate  a  reasonable  magnitude  of  the  Karman  constant  as 
plotted  in  Fig.  II- 11  using  the  asymptotic  parameter  tj,  for  abscissa.  This 
stability  criterion  used  also  in  Fig.  II- 10  includes  the  observed  slope  of 
the  logarithmic  velocity  profile  in  lieu  of  friction  velocity  u^  which  was  not 
measured  until  December  1962.  The  hourly  ratios  of  eddy  diffusivities  plotted 
in  Fig.  II- 10  show  wide  scatter  primarily  because,  in  addition  to  varying  flux 
rates,  these  involve  the  ratios  of  differentials  of  diabatic  profiles  curved  in 
semilog  plotting  as  shown  in  Figs.  11-4,5,6.  Therefore  each  set  for  stable 
and  unstable  conditions  should  be  considered  as  a  whole  by  the  group  centroid 
shown.  The  weighting  of  each  hourly  point  is  by  strengths  of  flux  rates  at 
each  hour  relative  to  the  maximum  for  the  day,  ^2^2  max^’  etc' 

are  the  ratios  of  K^/K 
simultaneous  and  significant  hourly  direct  determinations  are  too  few.  The 
scatter  in  Karman  coefficients  Fig.  II- 11,  calculated  from  the  same  machine- 
smoothed  data,  is  less  because  the  more  basic  asymptotic  gradients  are 
involved  instead  of  first  differentials  of  curved  portions. 

Evidence  from  the  field  measurements  given  in  several  chapters  of  this 
report  shows  that  the  usual  simplifications  such  as  assuming  equal  eddy  dif¬ 
fusivities  for  momentum,  heat  and  moisture  are  untenable  for  the  whole 
diurnal  range  of  conditions.  Also  the  convenient  assumption  of  one,  universal 
Karman  constant  (  =  0.41  +  .02)  seems  highly  questionable.  To  pursue  these 
differences,  it  is  necessary  to  depart  from  Sheppard’s  very  illuminating  de¬ 
velopment  of  the  3  similar  log-law  profiles  and  keep  separate  the  Karman 
constant  and  the  analogous  coefficients,  k  k  ,  k  ,  and  for  curvature  to  use 

i /2  u  t  q 

modified  ^  functions  of  (z'/L)  '  namely  the  ^ ^  as  curvature  coefficients 
for  profiles  of  wind,  temperature  and  specific  humidity  respectively.  This 
is  done  in  parallel  in  Table  II- 2  using  the  sign  convention  described  with 
Eq.  1-1.  The  reciprocal  of  Monin- Obukhov’s  heat  length  is  used  to  avoid  the 
discontinuous  jump  from  minus  to  plus  infinity  in  going  from  unstable  to 


The  centroids  for  K^/K^ 


M  and  Kp/Kj^  because  the 


FIGURE  II- 10.  Tentative  ratios  of  eddy  diffusivities  30-31  July  1962. 


FIGURE  II- 11.  Preliminary  asymptotic  Karman  coefficients 
31  July  1962. 
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stable  conditions,  with  u^,  t,,,,  and  as  defined  in  Eq.  II-6u,t,q  in  Table  II-2. 
The  absolute  value  of  heat  flux  rate  is  specified  to  avoid  difficulties  with 
fractional  powers  of  L.  The  proper  sign  is  specified  with  the  profile  slope /S, 
and  any  averages  need  to  be  segregated  accordingly. 

Determination  of  Karman  constants: 

Von  Karman  (1930)  originally  described  his  turbulence  coefficient  as  a 
universal  constant  relating  the  logarithmic  velocity  profile  with  shear  stress. 
Its  one  magnitude  0.40  closely  characterized  the  whole  profile  within  the 
region  of  uniform  shear  stress  while  other  characteristics  such  as  mixing 
length  and  eddy  diffusivity  increased  directly  with  distance  from  the  wall. 

The  large  variations  found  under  diabatic  conditions,  therefore,  have  caused 
considerable  confusion.  This  indirectly  has  focussed  more  attention  on 
turbulence  spectrums  and  direct  determination  of  Reynolds  stresses  by  eddy 
correlations,  but  even  these  need  full  understanding  of  profile  gradients. 

Now  our  first  reports  of  multiple,  simultaneous  measurements  of  flux  rates 
and  profiles  of  windspeed,  temperature,  and  humidity  permit  close  examina¬ 
tion  of  the  Karman  constant  and  analogous  coefficients.  Monin  and  Obukhov 
hint  at  two  Karman  constants  in  describing  how  to  generalize  their  theory  by 
replacing  T  with  T/a,  namely  by  including  the  ratio  of  eddy  diffusivities 
K„/KM  =  a.  A  promising  step,  therefore,  seems  to  be  evaluation  in  three 
categories  suiting  the  three  expressions  for  profiles  given  by  Monin- Obukhov 
but  with  u+/k,  t^/k  and  q^/k  as  modified  by  Sheppard  (1958)  and  given  here 
with  a  new  curvature  in  (z'/L)*^.  These  are  equations  7u,t,q,  Table  II- 2. 

To  determine  the  Karman  constant,  k^,  in  the  general  case  of  non-neutral 
stability,  the  non-dimensional  curvature  function  ^  (z'/L)  is  involved  but  only 
the  asymptotic  slope  is  needed  namely  the  basic  integral  equation  II-4c 
for  the  whole  profile.  Then,  when  shear  stress  is  measured,  all  the  variables 
are  known  directly  and: 

(II- 1 2u)  k^u*/^,  (Vp)1/2//3!  • 

From  the  preliminary  shear  stress  measurements  with  the  floating 
lysimeter,  Goddard  has  calculated  ky  from  observations  under  nearly  neutral 
conditions  with  light  wind  as  reported  in  Chapter  VII.  The  magnitudes  range 
from  0.3  to  0.6. 
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When  shear  stress  is  not  measured,  it  is  necessary  to  estimate  a  value 
f°r  (mainly  to  determine  u„,  =  k^  after  finding  the  profile  ulope  coefficient). 
A  neutral  value  of  k^  -  0.41  is  close  to  the  usual  values  reported  which  range 
from  0.39  to  0.43.  Large  departures,  however,  have  been  reported  for  non¬ 
neutral  conditions  by  Sheppard  (1947,  p.219),  so  for  a  single  average  value 
ku=0.5  may  be  more  appropriate  for  a  wide  range  of  conditions.  The  ana¬ 
logous  Karman  coefficients  for  eddy  transfers  and  moisture  are  expected  to 
be  nearly  constant  while  friction  velocity  varies  widely.  At  any  given  time, 
however,  the  friction  velocity  is  the  same  for  all  eddy  transfers,  so  some 
products  and  a  ratio  of  Karman  coefficients  can  be  evaluated  from  observed 
profile  shapes  for  velocity,  temperature  and  moisture  without  knowing  k^. 

This  offers  another  approach  to  an  approximation  of  k^  as  described  later. 

In  all  the  formulas  and  discussions,  the  von  Karman  constant  and  re¬ 
lated  coefficients  k  with  subscripts  u,t,q  apply  to  the  profiles  involving  (if/ L)1/2 
which  may  be  slightly  different  from  the  k  used  in  the  first-power  Monin-Obukhov 
function, 

In  the  same  way  that  shear  stress  determines  the  regular  von  Karman 

constant  k  ,  the  convective  heat  flux  rate  H  is  the  main  parameter  in  deter- 
u  C 

mining  a  related  Karman  coefficient  kt  for  the  temperature  profile.  When 
friction  velocity  u„,  is  known,  then  the  similar  t*  =  H/c  c^u^  is  also  known, 
and  kt  is  evaluated  from  the  profile  using  equation  II- Tt: 

H/pc 

Hi-12.)  \  =  vV<h/pv*)/Vit^ 


If  u^  is  not  known,  a  product  of  the  two  Karman  constants  can  be  evaluated 
from  the  two  profiles: 


(II-  I3t) 


k  k  = 
u  t 


H/P=p 


Hourly  values  of  these  are  plotted  in  Fig.  II- 11  for  30-31  July  1962 
omitting  indeterminate  periods.  Naturally,  there  is  wide  scatter  during  the 
mid-afternoon  when  there  is  rapid  change  and  reversal  of  the  direction  of 
heat  flux  at  the  interface.  In  fact,  eddy  conduction  and  kt  are  indeterminate 
twice  daily  at  the  times  of  neutral  gradient.  During  the  morning  unstable 
conditions,  there  is,  however,  a  definite  increase  in  k^  k^  with  increasing 
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heat  flux.  Using  the  square  root  of  this  product  to  be  in  the  same  scale  as 
the  Karman  constant,  the  rate  of  change  can  be  expressed  tentatively  as 

/(-dt^)  =  0.5,  the  0.5  having  dimension  °C’*  to  cancel  the  tj,  dimension. 
Similarly  the  moisture  flux  rate  Q  is  the  main  parameter  in  deter- 


w 

mining  the  Karman  coefficient  k^  for  the  moisture  profile  again  using  u,,,  • 
previously  evaluated.  Before  knowing  k^,  however,  the  product  k^k  can  be 
evaluated  similarly  to  k^kt  by  Eq.  II-13q.  Hourly  values  of  these  are  plotted 
in  Fig.  II- 1 1  for  30-31  July  1962.  In  contrast  with  k^k^  the  mid-afternoon 
values  of  k^k^  are  significant  because  evapotranspiration  is  still  proceeding 
strongly,  and  there  is  also  some  wind.  It  is  at  night  with  nearly  zero  evapo¬ 
ration  that  k^k^  is  indeterminate,  and  10  hours  have  been  skipped  for  lack 
of  moisture  gradient.  To  look  into  the  possibility  that  k^  varied  with  moisture 
flux  rate,  a  trial  plot  was  made  of  \Jk^k^  vs  q^,  but  no  consistent  pattern  was 
found.  More  important  is  the  question  of  the  influence  of  atmospheric  sta¬ 
bility  indicated  in  Fig.  II- 1 1  plotted  with  t^  abscissa  which  represents  heat 
flux  divided  by  velocity  gradient.  As  withyk^^  a  consistent  relation  can  be 
suggested  tentatively  as  k^k^  /  (-At^)  s'O.SS  in  unstable  conditions. 

Reconsidering  the  physical  concepts  of  eddy  transfers  commonly  assum¬ 
ing  that  eddy  diffusivity  for  inert  aerosols  should  be  the  same  as  for  momen¬ 
tum,  it  is  logical  to  assume  that  the  small  water- vapor  content  exerts  only 
negligible  influence  on  eddy-diffusivity  in  contrast  to  strong  influence  by 
heat  transfer  in  its  effect  on  buoyancy  stability.  The  inference  from  the 
above  is  that  k^  and  k^  vary  together.  Then  if  equality  is  assumed  as  seems 
likely  at  least  in  stable  conditions,  the  k^k^  product  is  virtually  that  for  k^. 
Thus,  the  diurnal  variation  ofyk^k^  probably  gives  an  indication  of  the 

variation  of  k  without  direct  measurement  of  shear  stress.  For  stable 
u 

conditions  this  yields  k^s  0.40  as  expected.  For  lapse  conditions  a  rough 
linear  approximation  mentioned  above  might  be  interpreted  as 
Aku/(-at;)=o.35. 

Another  approach  is  possible  toward  a  Karman  coefficient  for  tempera¬ 
ture  when  both  heat  and  moisture  flux  rates  and  profiles  are  known.  Then 
the  ratio  of  k^  to  k^  can  be  determined  simply  on  the  assumption  that  the 
same  u^  is  involved  in  both: 


(II- 1 3tr)  kt_^3H/Pc 


q 


(82^ 


w 
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If  the  above  common  supposition  is  valid  that  and  k^  are  substantially 
alike,  then  the  definite  determination  of  the  ratio  kt/k^,  listed  in  Table  II- 
can  be  used  as  a  multiplier  of  the  observed  product  k^k^  to  obtain  k^k^/k^ 
as  a  reasonable  indication  of  the  values  of  k^  alone  in  relation  to  stability 


3 


pending  direct  determination  of  the  regular  Karman  coefficient,  ku>  by 
measuring  shear  stress.  The  square  root  of  this  product  to  indicate  kt  is 
also  plotted  in  Fig.  II- 11  and  a  rough  linear  interpretation  shows  that 


dkt/(-At;>S0.9. 

Heretofore  all  the  discussion  on  Karman  coefficients  has  centered  on 
their  determination  in  the  lower  levels  of  the  profiles  dominated  by  frictional 
shear  -  specifically  using  only  ilux  rates  and  asymptotic  slopes  P  .  Karman 
coefficients  also  exert  their  influence  in  the  upper,  curved  portions  of  the 
profiles  and  can  be  studied  in  the  determinations  of  eddy  diffusivities  which 
vary  directly  with  height  but  which,  nevertheless,  can  be  definitely  deter¬ 
mined  as  the  ratio  of  flux  rate  to  profile  gradient. 

Since  the  diurnal  variations  of  profile  coefficients  P  and  y  determined 
by  computer  for  curved  logarithmic  regression  lines  are  of  interest,  hourly 
values  are  given  in  Table  II-3a  for  the  composite  day  30-31  July  1962  made 
from  the  35-hour  continuous  test.  These  two  coefficients  describing  the 
whole  shape  of  the  profiles  can  be  used  directly  in  the  formulas  for  eddy 
diffusivities  specifically  to  evaluate  the  curve  gradient  at  any  height.  As 
discussed  previously,  the  P  coefficients  represent  transfer  conditions  close 
to  the  surface  on  the  straight  portion  of  the  profiles  before  the  effects  of 
stability  become  apparent  in  the  curvature  of  the  logarithmic  profiles 
(mathematically  represented  in  this  chapter  by  the^  terms).  Nevertheless, 
the  asymptotic  gradients  indicating  the  actual  eddy  flux  rates  are  governed 
by  the  overlying  stability  and  differ  slightly  depending  on  whether  1  +  s  (z/L) 
or  1  +  2  rV/u  is  used  for  curvature  correction.  There  is  no  surface 
Richardson  number  to  use  for  a  general  whole-profile  scale  of  stability  so 
the  tj,  parameter  in  Table  II- 3  is  again  used  in  Fig.  II- 11.  No  non-dimensional 
rationalizing  is  attempted  pending  further  study  on  the  suitability  of  using 
absolute  temperature  although  this  seems  useable  because  of  its  control  of 
air  density. 


TABLE  II- 3.  PRELIMINARY  EVALUATIONS  OF  CURVED  LOG-LAW  COEFFICIENTS  OF  PROFILES 
OF  VELOCITY,  TEMPERATURE  AND  MOISTURE,  30-31  JULY  1962 
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4  Gfodiantt  ore  not  as  good  as  found  by  graphical  smoothing  above  about  half  z  ,  height  unless  the  flux  rate  is  known  to  roach  zero  at  a  low  hei^tt. 
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Vertical  Transition  in  Flow  Regimes  Above  Ground  in  the  Daytime 

The  interaction  between  buoyancy  stability  and  shear  stress  is 
universally  scaled  by  Richardson  number,  Ri.  Priestley  (1959)  demonstrated 
clearly  that  the  mechanism  of  upward  eddy  transport  of  heat  changed  with 
Ri  starting  as  forced  convection  by  friction  eddies  near  the  ground  and  de¬ 
veloping  into  heat  plumes  of  natural  convection  at  higher  levels.  Since  for 
usual  steady  daytime  conditions  Ri  increases  with  height  above  ground,  his 
H*  diagram  (like  Crawford’s  Fig.  1)  serves  to  describe  the  vertical  transi¬ 
tion  in  flow  regimes.  Starting  at  the  extreme  left  and  proceeding  to  larger 
Richardson  numbers  as  if  increasing  in  height  above  ground,  the  frictional 
flow  is  indicated  by  the  sloped  line  of  forced  convection.  Then  at  a  height 
above  ground  where  Ri  is  about  -.03  the  regime  changes  to  natural  convec¬ 
tion  in  the  unstable  case  (negative  Ri)  by  a  developing  system  of  heat  plumes. 

What  is  not  shown  by  the  Richardson  number  is  the  progressive  in¬ 
crease  with  height  of  the  size  of  individual  heat  plumes.  Ordinarily  this  is 
treated  in  terms  of  frequency  spectrum.  The  physical  process  of  growth  of 
a  reduced  number  of  plumes  each  expanding  by  entrainment  is  yet  to  be 
formalized.  From  photographs  of  smoke  screens  at  sea  there  seem  to  be 
favorable  locations  where  plume  growth  is  aided  by  suppression  of  surround¬ 
ing  plumes  because  of  downward  airflow  around  the  main  updraft  technically 
described  in  Benard  cells.  Thus  one  can  visualize  the  gradual  organization 
of  a  field  of  little  plumes  into  widely  spaced  updrafts  typical  for  cumulus 
cloud  development.  Woodcock  (1940)  judging  by  the  start  of  circle  soaring 
of  birds  estimates  the  lowest  level  of  organized  updrafts  as  greater  than 
50  meters.  This  might  be  considered  as  the  depth  of  the  continuous 
boundary  layer  over  the  sea.  These  well- spaced  updrafts  also  affect  the 
eddy  transfer  of  momentum  in  their  strong  vertical  exchange  of  momentum. 
This  is  seen  in  the  narrowing  of  the  Ekman  spiral  angle  with  strong  convection 
over  the  ocean.  On  land  increased  turbulence  due  to  terrain  roughness 
widens  the  spiral  angle. 

Conclusions 

Only  a  few  estimates  of  3  Karman  coefficients  have  been  made  in  this 
project  pending  full  tests  with  shear  stress  measured  by  the  new  floating 
lysimeter,  but  the  simultaneous  measurements  of  heat  and  moisture  flux 
rates  along  with  hourly  profiles  of  windspeed,  temperature  and  humidity  have 
already  demonstrated  consistent  variations  in  the  Karman  coefficients  for 
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temperature  and  humidity  profiles  in  unstable  conditions.  Ratios  of  eddy 
diffusivities  show  at  least  2  1/2  times  Kj^  before  noon  on  clear  summer 
days.  In  the  July  1962  35-hour  run  the  curvature  coefficient  ^  *  (related  to 
Monin- Obukhov’s  a  but  for  (z/L )‘^  )  averages  roughly  -1.1  and  +1.2  for 
unstable  and  stable  conditions  respectively. 

Except  for  meteorological  size  circulations  above  the  frictional 
boundary  layer,  it  is  very  convenient  to  use  the  well  established  aerodynamic 
concepts  of  boundary -layer  flow  based  on  repeatable  profiles  and  flux  rates. 

Outdoors,  consistent  patterns  of  profile  variability  with  distance  are 
explainable,  but  for  quantitative  evaluation,  comparable  to  wind-tunnel  pro¬ 
files,  outdoor  observations  require  an  area  distribution  of  profile  transducer 
masts.  The  averaging  of  several  masts,  then,  helps  to  reduce  area  variability 
toward  the  conventional  concepts  of  horizontal  uniformity.  It  is  thus  possible 
to  adapt  many  of  the  analyses  of  wind-tunnel  experiments  to  outdoor  air  flow. 
In  spite  of  serious  discrepancies  between  outdoor,  single- surface  conditions 
and  wind-tunnel  conditions,  some  of  the  methods  already  developed  for 
characterizing  tunnel-flow  findings  near  the  wall  should  prove  useful  in 
characterizing  flow  regimes  in  outdoor  eddy  transfer  problems.  Of  parti¬ 
cular  significance  is  the  concept  of  equivalent  sand  roughness  which,  in  fact, 

converts  a  surface  shear  stress  into  a  characteristic  roughness  length  use- 
m  k 

able  in  the  *  s  surface  Reynolds  number  and  the  z/k^  ratio  for  profiles. 
Much  remains  to  be  done  in  applying  the  detailed  laboratory  measurements 
of  natural  convective  turbulent  flows  near  heated  vertical  walls  to  the 
questions  of  eddy  viscosity  and  eddy  conductivity  in  density  currents  on 
outdoor  slopes. 

Further  tests  with  replicated  measurements  of  all  3  flux  rates  and 
measurements  of  velocity  and  humidity  profiles  by  two  distinct  methods 
each  will  provide  basic  data  suitable  for  very  close  analyses  of  the  eddy 
transfer  processes  outdoors. 
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TABLE  II-4.  NOMENCLATURE  FOR  CHAPTERS  I  AND  II* 


Symbol 

Dimension 

Description 

CD 

non- dim. 

Drag  coefficient 

Et 

,  z  2 

cal/cm  mm 

Insolation  used  for  latent  heat  in  transpiration 

E 

V 

,  ,  2 

cal/cm  min 

Evaporative  heat  flux  into  the  air 

G 

.  ,  2  . 
cal/cm  min 

Heat  flux  into  the  ground  by  conduction,  negative  for 

heat  flow  into  the  soil 

H 

c 

cal/cm  min 

Convective  heat  flux  into  the  air 

H 

e 

mm  /  day 

Unit  evaporation  rate  for  radiation  (59  cal/cm  =  1mm 

I 

cal/cm  min 

Direct  solar  radiation  rate  on  surface  perpendicular 

to  sun's  rays 

kd 

2  / 

cm  /sec 

Eddy  diffusivity  (for  matter) 

kh 

cm  /sec 

Eddy  conductivity  (for  heat) 

km 

2, 

cm  /sec 

Eddy  viscosity  (for  momentum) 

K 

q 

cm^  /hr 

Thermal  diffusivity  (=k/C^) 

L 

cm 

Monin-Obukhov  characteristic  length  for  heat  flux 

M 

e 

cal/cm  min 

Net  metabolic  heat  flux  above  the  soil  surface 

Q 

w 

/  2 

gm^/cm  sec 

Water  vapor  flux  rate  above  the  soil  surface 

R 

i  /  2  . 

cal/cm  min 

Down  coming  atmospheric  radiation 

R 

n 

M  2 

cal/cm  min 

Net  radiation  absorbed  at  the  surface  (positive  in 
daytime) 

R 

zf 

cal/cm^  min 

Atmospheric  radiation  absorbed  by  foliage 

I 

R 

z 

2 

cal/cm  min 

Atmospheric  radiation  incident  on  bare  ground 

g 

T 

°Kelvin 

Absolute  temperature 

W 

z 

,  /  2 

cal/cm  min 

Total  solar  radiation  rate  on  a  horizontal  surface 

(  =  insolation) 

W 

Zf 

w 

z 

g 

See  Fig 

2 

cal/cm  min 

Insolation  warming  the  foliage 

i  /  2 

cal/cm  min 

Solar  energy  incident  on  bare  ground 

,  I- 1 1  and  Table 

II- 2  for  relationship  of  fluxes  and  of  eddy-transfers. 
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Symbol  Dimension 


v 

w 

x 

z 

o 

z 

z' 

a 

a 

Pi 


cal/gram°C 

cm 

millibars 

/  2 
cm/sec 

cal/gm 

m 


cm 


millibars 

gm/cm^ 

/  3 

gm/cm 

°C 

°C 

°C 

cm/sec 

cm/sec 

cm/sec 

cm/sec 

cm 

cm 

cm 

cm 


cm/sec 


Description  (Continued) 

Ratio  of  eddy  diffusivities  K^/Kj^ 

Heat  capacity  (dry  basis,  constant  pressure) 
Displacement  height  of  equivalent  zero  plane 
Vapor  pressure  of  the  atmosphere 
Gravity  constant  (980.665) 

Latent  heat  from  fluid  phase  to  gas 
Number  of  neighbors  adjacent  to  point  being  smoothed 
Karman  constant  for  universal  velocity  profile 
Height  of  sand  roughness  (Nikuradse) 

Stability  factor  exponent 

Pressure  of  the  atmosphere  or  gas 

Water  vapor  concentration 

Water  vapor  flux  characteristic  (=Qw/u1>) 

Temperature 

Heat  flux  characteristic  (sH/pc^u^) 

Asymptotic  stability  index  (sH/pc^jS^) 

Average  velocity  in  x-direction  (in  line) 

Friction  velocity  (=  yj  r„  /p  ) 

Velocity  component  in  y-direction  (transverse) 
Velocity  component  in  z-direction  (vertical) 

Length  in  direction  of  flow 

Integration  constant  for  log-law  velocity  profile 
Depth  or  height 

Height  above  equivalent  zero  plane  (=  z  -  d) 

Albedo 

Monin-Obukhov  curvature  coefficient 
Logarithmic  profile  gradient  for  velocity 
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Symbol 

ft  2 

r 

y 

y‘ 

< 

e 

V 

p 

a 

T 

<1> 


Dimension 


gm  /cm 

°C  /cm 
-1/2 

cm 


°K 

2  / 

cm  / sec 

/  3 

grams/cm 

cal/cm^hr°K^ 

dynes/cm^ 
as  needed 


Description  (Continued) 

Logarithmic  profile  gradient  for  temperature 

Logarithmic  profile  gradient  for  water-vapor 

Adiabatic  lapse  rate  (=  1,  0  C/ 100  m  =  0.  000 1  °C  /cm) 

Dimensional  curvature  coefficient 

Profile  curvature  coefficient 

Longwave  emi,tta_nce 

Potential  temperature 

Kinematic  viscosity 

Density,  mass 

Stefan-Boltzmann  black-body,  hemispherical 
radiation  constant  (  =  0.4921) 

Fluid  shear  stress 

Potential  function  or  other 
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CHAPTER  III 

ATMOSPHERIC  AND  SURFACE  FACTORS 
AFFECTING  E  V  AP  OT  RANSP IR  AT  ION 

W.  O.  Pruitt  and  Mervyn  J.  Aston 
INTRODUCTION 

A  high  correlation  of  evapotranspiration  (ET)  and  net  radiation  (R  ) 

n 

under  non-limiting  moisture  supply  conditions  has  been  indicated  by  a 
number  of  workers  in  the  last  several  years.  Much  of  the  data  collected 
has  been  for  daily  or  longer  periods.  However,  in  some  cases  a  close 
relationship  between  ET  and  R^  has  been  observed  for  hourly  or  shorter 
periods.  Good  examples  of  this  have  been  given  by  Tanner  and  Pelton 
(1960)  and  by  Pruitt  (1962). 

These  and  similar  results  seemed  to  confirm  a  generally  accepted 
concept,  among  Agriculturalists  at  least,  that  with  extensive  moist  surfaces 
almost  all  of  the  net  radiation  energy,  less  heat  flux  into  the  soil,  is  used 
in  evaporation  at  the  surface.  Convective  heat  flux  away  from  or  to  the 
surface  has  been  considered  to  be  almost  negligible  under  such  conditions 
and  in  the  absence  of  advection. 

Results  at  Davis,  California,  indicate  that  such  a  concept  of  the 
variation  in  the  partitioning  of  energy  at  a  cropped  surface  during  daytime 
periods  overlooks  several  important  factors.  Pruitt  (1962)  and  Brooks, 
Pruitt,  Pope  and  Schultz  (1962)  found  that  on  calm  days  especially,  the 
pattern  of  ET  for  a  well-watered  crop  of  perennial  ryegrass  was  not 
closely  in  phase  with  the  pattern  of  less  heat  flux  into  the  soil.  The 
convective  heat  flux  on  calm  days  was  shown  to  follow  a  typical  pattern 
with  heat  transfer  away  from  the  surface  reaching  an  appreciable  peak 
near  mid-morning;  then  dropping  to  zero  by  mid -afternoon,  with  consider¬ 
able  heat  transfer  to  the  surface  thereafter.  Even  under  fairly  strong 
advection  conditions  Brooks  et  al  (1962)  found  considerable  heat  transfer 
away  from  the  grass  surface  during  morning  and  mid-day  periods  with  a 
peak  value  at  about  noon  under  maximum  radiation.  Pruitt  (1962)  has 
shown  one  example,  however,  where  ET  exceeded  Rn  during  every  hour 
of  one  record  breaking  24-hour  period  when  a  total  of  11.56  mm  of  water 
was  used  by  ryegrass. 
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In  the  summer  of  1962  during  several  major  data -collection  periods 
at  Davis,  profiles  of  temperature,  wind,  and  humidity  above  the  ground 
surface  were  measured  along  with  R^,  ET,  and  soil  heat  flux,  G.  In  addition, 
leaf  temperature,  air  temperature,  and  humidity  within  the  grass  turf  were 
measured.  The  results  shed  considerable  light  on  the  effect  of  surface  and 
atmospheric  factors  on  the  partitioning  of  energy  at  the  surface.  With  the 
conditions  encountered  during  the  runs  it  was  possible  to  compare  the  trans¬ 
port  of  water  vapor  and  of  heat  under  a  wide  range  of  air  stability  and  wind 
conditions. 

Continuing  long  term  studies  of  seasonal  ET  -  radiation  relationships 
have  provided  2  1/2  years  of  such  data.  These  results  are  summarised 
herein. 

INSTRUMENTATION  AND  METHODS  OF  ANALYSIS 

General  descriptions  of  the  instrumentation  at  Davis  have  been  given 
in  previous  reports.  Pruitt  and  Angus  (1960)  (1961)  described  in  detail  the 
20-foot  weighing  lysimeter  used  to  obtain  evapotranspiration  measurements. 

A  description  of  four  6-meter  temperature  masts  constructed  during 
the  fall  of  1962  is  given  in  the  appendix.  Two  temperature  masts  used  during 
a  July  30-31  run  were  earlier  models  but  similar  in  construction.  Tempera¬ 
ture  was  measured  at  nine  heights  from  10  cm  to  6  meters.  During  the  test 
period  on  August  31,  air  temperatures  were  measured  with  aspirated  thermo¬ 
couples  shielded  from  direct  sunlight,  at  heights  of  6,  12,  25,  50,  100,  and 
200  cm.  During  the  July  run,  leaf  temperatures  were  recorded  using  6 
thermocouples  made  from  fine  (40  gauge)  copper  and  constantan  wire.  Two 
thermocouples  were  installed  at  each  of  the  three  depths  within  the  ryegrass 
sward;  near  the  blade  tips,  in  the  middle,  and  near  the  bottom  of  the  grass 
blades.  In  the  August  and  October  runs,  6  thermocouples  at  each  level  were 
used.  During  the  March  12,  1963  run  two  of  the  6-meter  masts  described  in 
the  appendix  were  used.  Only  6  leaf  thermocouples  were  used. 

Wind  data  were  obtained  using  two  2-meter  Thornthwaite  anemometer 
masts . 

Net  radiation  data  reported  herein  were  obtained  with  a  forced-ventila¬ 
tion  radiometer  mounted  2  meters  above  the  sod  surface.  A  locally  deter¬ 
mined  calibration  constant  obtained  by  the  shading  technique  described  in 
the  Appendix  was  used  and  corrections  for  plate  temperature  were  made. 
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Recorder  record  of  millivolt  output  of  the  Infrared  hygrometer 
during  three  different  days,  a):  Sequential  sampling,  one  minute 
at  each  level,  b)  and  c):  15-minute  samples  collected  in  plastic 
bags  plus  a  6-minute  record  of  humidity  at  100  cm  level.  The 
sharp  dips  in  the  record  following  each  plateau  occurs  when  bags 
are  empty  and  a  partial  vacuum  reduces  moisture  in  sampling 
chamber. 
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Soil  hsat  flux  was  measured  by  3  heat  flux  plates  located  at  a  1  -cm  depth 
below  the  soil  surface  of  the  lysimeter.  No  corrections  were  made  for  changes 
in  heat  stored  in  the  1  -cm  layer  above  the  plates  nor  were  corrections  made 

for  plate  temperature.  Errors  due  to  the  latter  are  less  than  1-2%. 

3 

Absolute  humidity,  pq.  in  grams  per  meter  was  determined  by  sequen¬ 
tially  sampling  at  six  heights  between  the  surface  and  4  meters  in  the  July 
and  August  runs  with  a  1 -minute  sampling  time  for  each  level.  The  sensing 
element  was  the  General  Mills  infrared  hygrometer.  The  difficulty  in  ana¬ 
lyzing  results  using  this  method  is  evident  in  Figure  III- 1  where  a  16-minute 
record  is  shown.  In  the  6 -minute  portion  of  part  b)  of  this  figure  where 
continuous  sampling  at  100  cm  is  indicated,  wide  fluctuations  in  daytime 
moisture  concentration  occur  during  periods  of  less  than  a  minute.  When 
the  moisture  concentration  at  any  one  level  is  changing  as  much  in  a  few 
seconds  as  the  gradient  being  measured,  and  a  record  at  any  given  level  is 
obtained  for  only  5  minutes  out  of  every  30,  it  is  obvious  that  the  sampling 
technique  used  to  obtain  the  upper  record  was  not  making  full  use  of  the 
capabilities  and  sensitivity  of  the  hygrometer.  The  record  shown  in  parts 
b)  and  c)  of  Figure  III- 1  were  obtained  with  the  collecting  system  described 
in  the  Appendix.  Air  from  all  six  levels  is  pumped  simultaneously  into 
plastic  bags  over  15-minute  periods  whs.*re  it  is  allowed  to  come  to  equilibrium 
for  three  minutes  or  longer  before  being  drawn  out  of  each  bag  and  through 
the  hygrometer.  This  technique,  used  after  August  1962,  is  highly  superior 
to  the  previous  method  used.  By  switching  to  an  alternate  set  of  six  bags 
every  other  15-minute  period,  an  average  humidity  value  from  each  level 
is  obtained  for  every  15-minute  period.  The  6-minute  record  of  the  variation 
of  humidity  at  100  cm  is  recorded  when  air  from  the  bags  is  not  being 
sampled. 

All  of  the  data  were  averaged  over  half-hour  periods.  For  temperature, 
humidity  and  wind  speed,  the  data  were  plotted  on  semi-log  paper.  Eye- 
smoothed  curves  were  drawn  and,  where  available,  relevant  values  were 
obtained  from  the  curves  at  the  25,  50,  100,  200  and  400-cm  levels.  These 
data  for  the  July,  August,  October  and  March  test  periods  are  given  in 
Tables  III- 1 ,  III- 2,  III-3  and  III-4  at  the  end  of  the  chapter. 

In  Figure  III- 2  moisture  data  collected  under  sequential  sampling 
during  August  31  indicate  the  general  moisture  profile  shapes  throughout 
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Figure  III- 2.  Smoothed  profiles  of  humidity,  pq  in  gms/meter  for  several 
half-hour  periods  ending  at  time  indicated. 

the  day.  This  figure  also  serves  to  illustrate  the  method  of  obtaining  the 
smoothed  data.  Scatter  of  the  data  points  was  reduced  considerably  in  the 
October  and  March  run  when  the  bag  collection  system  was  used. 

RESULTS  AND  DISCUSSION 

The  Energy  Balance  and  Temperatures  of  Surface  and  Air 

As  indicated  earlier,  it  has  been  rather  tacitly  assumed  that  within  an 
extensive  moist  area  convective  heat  transfer  tends  to  be  almost  negligible 
and  that  the  diurnal  patterns  of  ET  and  (R^+G)  should  thus  be  closely  in 
phase.  Although  the  Davis  site  does  not  provide  an  extensive  moist  area, 
the  lysimeter  located  near  the  middle  of  a  13-acre  field  of  well-irrigated 
grass  should  be  little  affected  by  advective  heating  (or  cooling)  effects, 
particularly  on  calmer  days. 

In  Figure  III- 3 ,  data  for  3  1/2  clear  days  in  1962  are  given.  On  these 
relatively  calm  days  it  is  clearly  evident  that  the  relationship  between  L(ET) 
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and  (R^+G)  was  far  from  constant.  The  form  of  the  energy  balance  equation 

used  is  R  +  G  +  L,(ET)  +  H  =  O,  so  that  heat  flux  (evaporative  or  sensible) 
n 

away  from  the  surface  is  considered  as  negative.  A  steadily  increasing 
proportion  of  (R^+G)  is  used  in  evaporation  as  the  day  progresses.  It  is 
clear  here  (and  in  Figures  IH-4  to  8)  that  convective  heat  transfers  can  be 
far  from  negligible  even  over  a  well  irrigated  crop. 

The  1962  results  not  only  provided  energy  balance  data,  but  with  the 
measurement  of  grass  surface  temperature,  and  temperature  and  humidity 
of  the  air  down  in  the  sward,  provide  for  a  better  understanding  of  factors 
which  determine  the  partitioning  of  energy  at  the  surface  between  L(ET) 
and  H. 

In  Figure  III-4  the  energy  balance  data  (except  for  Rn)  are  given  for 
August  31  together  with  wind  velocity  and  temperature  data. 

The  amount  of  vapor  transfer  away  from  a  surface  at  any  time  is  a 
function  of  the  difference  in  moisture  concentration  at  the  surface  and  in 
the  air  above  as  well  as  the  turbulent  transfer  characteristics  of  the  air  mass. 


Figure  III-3.  Ratio  of  L(ET)/(R  +  G)  during  half-hour  periods  for  3  l/2 
days  in  1962.  n 
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Figure  III-4,  Three  of  the  energy  balance  components,  L(ET),  H  and  G;  wind 

speed  at  100  cm,  u. i  qo»  anc*  temperature  of  soil  at  1  cm,  T_^,  air 
in  sward  at  6  cm,  T^,  air  at  25  cm.  T25,  air  at  100  cm,  T.qq; 
and  average  temperature  of  grass  leaves,  Tg.  August  31,  19o2. 
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The  temperature  patterns  for  August  31  indicate  that  the  dissipation  of  energy 
by  evaporative  cooling  at  the  surface  in  the  morning  was  more  than  overcome 
by  the  net  heating  effect  of  the  radiation  exchanges.  Considerable  radiation 
heating  of  the  surface  resulted.  By  1030  the  grass  surface  temperature  Tg, 
exceeded  air  temperature  at  the  100-cm  level  by  8.3°C  (15°F).  Air  within 
the  sward  T^,  was  heated  to  a  value  4°C  warmer  than  T^qq  by  1030  result¬ 
ing  in  an  appreciable  convective  heat  flux  H,  away  from  the  surface.  The 
difference  in  temperature  between  leaf  and  air  had  started  decreasing 
rapidly  by  1300  as  Tg  started  dropping  while  T^qq  continued  to  climb.  The 
curves  crossed  at  about  1510  and  a  strong  inversion  developed  by  1800 

<T100-Ts=8-2°C>. 

The  surface  temperature  on  August  31  reached  a  maximum  only  slightly 
later  than  the  time  of  peak  evapotranspiration  although  both  lagged  somewhat 
behind  net  radiation,  which,  although  not  shown  in  Figure  III-4,  reached  a 
maximum  at  true  solar  noon  (T.S.N.  *1207  P.S.T.  on  August  31).  It  is  signifi¬ 
cant  that  both  L(ET)  and  Tg  were  considerably  higher  at  any  specific  time 
after  T.S.N.  than  at  a  corresponding  time  before  noon.  For  example,  at 
1507  Tg  was  33.3°C  compared  to  26.6°C  at  0907.  Corresponding  values  of 
L(ET)  were  approximately  .450  and  .305  ly/min,  or  47%  higher  3  hours 
after  than  before  T.S.N.  The  saturation  vapor  pressure  over  water  at 
33.3°C  (Tg)  is  exactly  47%  greater  than  the  saturation  vapor  pressure  over 
water  at  26.6°C  (Tg ).  For  this  day  at  least,  the  major  cause  of  the  lag  in 
response  of  ET  to  Rr  appears  to  be  the  out  of  phase  relationship  between 
Rn  +  G  and  surface  vapor  pressure. 

The  curves  for  T^qq  and  Tjq  are  considerably  out  of  phase  with  both 
Tg  and  the  ET  curves.  The  temperature  of  air  down  in  the  sward,  T^,  tended 
to  be  closer  to  air  temperature  above  the  sward  than  to  Tg  during  morning 
hours  but  was  much  closer  to  T  as  radiation  dropped  to  a  low  level.  The 
fact  that  the  soil  was  acting  as  a  heat  sink  most  of  the  day  provides  an 
explanation  for  T^  becoming  cooler  than  both  Tg  and  T25  for  a  period  in 
the  afternoon.  Grass  height  on  this  day  averaged  about  10-12  cm  so  the 
sampling  level  for  6-cm  air  was  approximately  half-way  between  the  soil 
surface  and  the  tips  of  the  blades  of  grass. 

The  soil  heat  flux,  G,  at  the  1-cm  soil  depth  reached  a  maximum  at 
the  same  time  as  Tg,  reaching  a  value  of  0.03  ly/min.  This  was  only  3.5% 
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of  at  the  time.  Since  the  change  in  heat  storage  in  the  1  -cm  level  above 
the  flux  plates  was  not  taken  into  account,  the  actual  sensible  heat  transfer 
into  the  surface  would  run  slightly  higher  than  indicated  in  morning  hours 
and  slightly  lower  than  indicated  in  afternoon  hours,  but  the  total  magnitude 
of  the  error  would  be  small. 

The  fact  that  H  does  not  reach  zero  until  about  40  minutes  after  the 
inversion  develops,  perhaps  gives  some  indication  of  the  magnitude  of  com¬ 
bined  errors  in  measurement  of  the  other  three  components  of  the  energy 
balance  plus  the  failure  to  account  for  the  net  energy  requirements  of  the 
plant  (photosynthesis  minus  respiration).  Changes  in  heat  storage  of  the 
plants  and  air  were  also  neglected. 

The  results  presented  in  the  previous  figures  appear  to  be  typical  for 
clear,  relatively  calm  days  at  Davis.  Additional  energy  balance  data  given 
in  Chapter  I  show  similar  results  with  appreciable  convective  heat  transfer 
away  from  the  surface  in  morning  hours  with  appreciable  transfer  of  heat 
to  the  surface  after  an  inversion  develops  between  1430-1600.  On  the  calmer 
days  particularly  it  seems  unlikely  that  advective  cooling  was  involved  in 
the  low  ratios  of  L(ET)/(Rn  +  G)  during  morning  hours.  In  fact,  on  August  31, 
the  incurrent  air  mass  may  represent  a  case  of  slight  advective  heating. 

Table  III- 2  indicates  that  T£qq  exceeded  T^qq  during  several  periods  before 
1400  when  there  was  a  lapse  rate  from  the  100-cm  level  on  down.  Up  until 
this  time  the  light  breezes  were  occasionally  from  the  NE  where  the  road 
and  a  recently  cut  alfalfa  field  only  30-60  meters  away  probably  had  a  higher 
surface  temperature  than  that  of  the  grass  field. 

After  1400  the  gentle  breeze  was  from  the  NNW  where  the  air  traveled 
over  185  meters  of  ryegrass  before  reaching  the  lysimeter.  With  this  fetch 
of  grass  and  with  a  wind  speed  of  only  1 -meter  per  sec  it  seems  unlikely 
that  advective  heating  was  an  appreciable  factor  in  causing  the  late  afternoon 
ratios  of  L(ET)/(Rn+G)  to  be  well  over  1.0.  The  block  of  energy  represented 
by  the  convective  heat  flux  to  the  surface  after  the  development  of  an  inversion 
for  all  three  of  the  days,  is  considerably  less  than  that  transferred  into  the 
air  during  the  morning  hours,  no  doubt  due  to  the  somewhat  smaller  gradients 
and  the  stable  afternoon  conditions. 

In  Figure  UI-5,  comparable  results  are  shown  for  October  30,  another 
clear,  relatively  calm  day.  Similar  patterns  as  those  for  August  31  are 
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evident  for  the  various  parameters.  However,  with  lower  radiation,  the 
temperatures  along  with  the  various  components  of  the  energy  balance  are 
lower. 

In  Figure  III-6  results  for  July  31  are  given.  This  was  another  clear 
day  with  similar  wind  velocity  during  early  morning  hours  as  that  for  the 
previously  mentioned  two  days.  However,  on  July  31  wind  velocity  increased 
after  1000,  reaching  a  maximum  value  of  approximately  4  meters  per  second 
by  1400.  This  increase  in  wind  speed  apparently  produced  greater  evapora¬ 
tive  cooling  and  prevented  both  surface  and  air  temperatures  from  reaching 
as  high  a  peak  as  on  August  31.  Except  for  a  lateral  displacement  due  to  an 
earlier  sunrise  on  July  31,  the  patterns  of  ET,  H,  and  surface  and  air  temp¬ 
eratures  are  similar  for  the  two  days  up  until  1000.  With  increasing  winds 
thereafter,  the  patterns  for  the  two  days  diverged  considerably.  In  spite  of 
7  l/2 %  higher  maximum  radiation  for  July  31,  T  on  July  31  reached  a  peak 
level  almost  4  C  lower  than  the  peak  level  of  the  later  date.  T^qq  on  July  31 
reached  a  maximum  level  at  29.6°C  compared  to  33.4°C  on  August  31.  In 
contrast,  maximum  ET  on  the  July  date  exceeded  the  maximum  ET  on 
August  31  by  22%. 

The  maximum  convective  heat  transfer  away  from  the  surface  was 
similar  for  the  two  days  although  with  increasing  wind  speed  H  dropped  off 
to  zero  around  1430,  almost  1  l/2  hours  earlier  on  July  31  than  on  August  31. 

Results  for  the  clear,  strong,  north-wind  day  of  March  12,  1963  are 
shown  in  Figure  III- 7.  On  this  day  the  air  mass  moving  down  the  valley  was 
very  dry  having  a  dewpoint  temperature  of  -2°C.  On  a  number  of  similar 
days  over  the  past  3  l/2  years,  it  has  been  observed  that  evapotranspiration 
on  such  days  is  considerably  greater  than  on  calm,  clear  days  with  equal 
radiation.  In  this  case,  however,  ET  was  actually  lower  than  on  the  previous 
calm,  clear  day  of  March  11.  The  temperature  pattern  indicates  that  the 
surface  was  warmed  by  radiation  appreciably  above  the  rather  cool  air  mass 
overhead,  and  thus  with  the  strong  turbulence  a  high  convective  heat  trans¬ 
fer  resulted.  It  is  believed,  however,  that  considerable  plant  control  was  in 
effect  most  of  this  day.  Otherwise,  a  higher  ET  would  have  occurred,  and 
with  subsequent  increased  evaporative  cooling,  the  surface  temperature 
would  have  stayed  much  cooler  resulting  in  less  convective  heat  transfer 
away  from  the  surface. 
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Flux-Gradient  Relationships 

With  the  strong  morning  and  mid-day  lapse  conditions  and  the  late 
afternoon  inversions  indicated  in  the  Figures  III- 3  to  6,  these  results  have 
provided  an  opportunity  to  study  flux- gradient  relationships  under  a  gradual 
transformation  from  highly  unstable  to  highly  stable  conditions.  Data  for 
the  steadily  calm  day  of  August  31  have  been  especially  valuable  for  such  an 
evaluation. 

In  Figure  III- 8  the  saturation  deficit  of  the  air  at  100  cm  (e&  -  ®1Q(Pl00 
and  the  vapor  pressure  gradient  between  the  surface  and  the  25-cm  height 
(eg  -  e^j)  are  compared  with  the  ET  curve.  The  value  of  e^  approximates 
the  vapor  pressure  inside  the  sub-stomatal  cavity  of  the  leaves,  assuming 
this  to  be  a  fully  saturated  atmosphere  at  leaf  temperature. 

Since  the  saturation  deficit  is  so  much  a  function  of  air  temperature, 
and  as  ET  is  considerably  out  of  phase  with  air  temperature,  a  very  poor 
relationship  between  ET  and  the  saturation  deficit  should  be  expected.  This 
is  clearly  the  case  in  Figure  III  -  8 .  On  days  when  the  surface  temperature 
pattern  is  considerably  different  from  the  pattern  of  air  temperature,  the 
saturation  deficit  of  the  air  above  a  surface  is  an  extremely  misleading  index 
of  the  true  driving  potential  for  vapor  flux  away  from  the  surface. 

The  curve  for  (e^  -  e^j)  is  the  only  gradient  curve  which  appears  to  be 
nearly  in  phase  with  the  ET  curve.  During  much  of  the  afternoon  the  vapor 
gradient  between  air  within  the  sward  and  air  at  the  25  cm  height  (e^  -  e^) 
is  in  phase  with  the  ET  curve  but  this  is  not  the  case  during  a  considerable 
portion  of  the  morning. 

The  gradients  of  vapor  in  the  air  above  the  grass  show  a  general  in¬ 
crease  during  the  day  until  1730  as  was  earlier  demonstrated  by  the  profiles 
of  absolute  humidity  shown  in  Figure  III- 2  where  the  strongest  gradient 
shown  was  for  the  1700-1730  period. 

In  Figure  III- 9,  half-hour  values  of  ET  are  plotted  versus  the  vapor 
pressure  gradients  above  the  grass  for  August  31  and  July  31.  On  the 
continually  calm  day  in  August  a  very  pronounced  loop  effect  in  this  com¬ 
parison  results  with  much  greater  gradients  required  in  the  stable  afternoon 
conditions  to  give  a  comparable  vapor  transfer  to  that  realised  under  the 
highly  buoyant  mid-morning  conditions.  The  effects  of  stability  on  moisture 
transfer  are  particularly  striking  when  the  data  for  the  unstable  condition 
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Figure  III—  9 -  Evapotranspiration  versus  the  vapor  pressure  gradient  between 
50  and  100  cm  above  the  soil  surface,  (e^Q  -  e^g). 

at  1100  -  1200  are  compared  with  the  highly  stable  period  from  1730  -  1800. 
The  vapor  gradient  is  about  0.8  -  1.0  mm  Hg  for  both  periods  but  the  transfer 
in  the  morning  period  is  8  times  that  of  the  afternoon  period.  Up  until  1130 
the  relationship  of  ET  to  the  vapor  pressure  gradient  for  both  days  is  simi¬ 
lar  but  with  increasing  turbulent  transport  as  the  wind  increased  on  July  31 
the  results  for  the  two  days  become  quite  different.  Here  is  obviously  a 
case  of  high  moisture  transfer  with  a  given  gradient  during  morning  hours 
largely  due  to  buoyancy,  with  a  correspondingly  high  or  even  higher  after¬ 
noon  transfer  under  similar  gradients  but  now  due  to  greater  turbulence  as 
the  result  of  higher  wind  speeds. 

With  the  large  variations  in  stability  encountered  during  the  1962  runs 
it  was  deemed  especially  worth-while  to  compare  the  eddy  diffusivity  for 
water  vapor  (K^),  and  the  eddy  conductivity  for  heat  (K ^),  since  there  have 
been  few  studies  where  an  adequate  measure  of  evaporative  heat  flux  over 
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short  periods  was  obtained.  In  this  study  considerably  more  confidence  can 
be  placed  in  the  measurement  of  ET  than  in  the  calculated  value  of  H.  Never¬ 
theless  during  many  times  of  the  day  the  H  values  calculated  from  the  energy 
balance  are  probably  within  +  5  to  10%  of  the  actual  value  for  H. 

There  is  disagreement  in  the  literature  as  to  the  expected  relationship 
of  Kq  to  K^j.  Some  workers  indicate  that  the  transfer  mechanisms  for  water 
vapor  and  heat  are  similar  [Bowen  (1926)  and  Ellison  (1957)].  Pasquill 
(1949)  measuring  evaporation  from  small  pots  of  turfed  soil  in  natural  sur¬ 
roundings  found  the  two  were  similar  in  stable  conditions  but  under  unstable 
conditions,  exceeded  K^  appreciably. 

In  Table  III-6  (at  the  end  of  this  chapter)  values  of  eddy  diffusivity  for 
water  vapor  Kp  and  eddy  conductivity  for  heat  Kjj  are  given.  and 
were  calculated  for  a  height,  z  of  75  cm  from  the  expressions, 

ET  oq/dz  and  H  =  pc  Kjj  c/T/dz 


where  ET  is  in  gms/cm  sec,  H  is  in  cal/cin  sec,  p  is  the  density  of  air  in 
gms/cm  ,  Cp  is  the  specific  heat  of  air  at  constant  pressure  in  cal/gm°C, 
r*q/dz  is  the  moisture  gradient  at  75  cm  in  gms  per  gm  of  air  estimated 
from  qjQQ  -  150’  <?T/<Jz  is  the  temperature  gradient  estimated  from 

T100  -  T50  in  °C.  Kq  and  K^  are  in  cm^/atc. 

Also  included  in  Table  III- 6  are  values  of  one  of  the  common  stability 
parameters,  the  gradient  form  of  the  Richardson  Number,  Ri,  where 
Ri^g  =  jjir  | ~  ^  where  g  is  gravitational  acceleration  (980  cm/sec\ 
T  is  the  absolute  temperature  of  the  air  °K  and  T  is  the  adiabatic  lapse  rate 
(neglected  in  these  calculations  because  of  its  small  effect  over  a  50  cm 
distance). 

Pasquill  (1949)  in  analyzing  the  results  of  his  study  of  eddy  transfers 
of  water  vapor  and  heat  detej^nined  the  variation  of  the  dimensionless  para¬ 
meters  2~~^Z  arK*  1  7T  under  different  conditions  of  stability. 

z  dvi/dz  z  du/dz  ' 

These  two  terms  will  be  designated  here  as  Kg  and  Kg  respectively.  He 
plotted  values  of  Kg  and  Kg  against  values  of  Ri^j,  which  under  the  condi¬ 
tions  of  his  study  ranged  from  -  .25  to  +.125.  Under  highly  stable  conditions 
the  above  two  parameters  were  found  to  be  nearly  equal.  At  neutral  condi¬ 
tions  Kg/Kg  was  around  1.5  but  as  instability  increased  to  a  degree  as 
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indicated  by  Ri.jg  =  -.15,  was  approaching  2  times  the  value  of  indicating 
transfer  mechanisms  for  water  vapor  and  heat  were  not  alike  except  under 
strong  stability. 

In  Figure  III- 10,  values  of  and 

numbers.  The  top  half  of  the  figure  is  for  the  unstable  conditions  and  the 
bottom  half  covers  the  periods  of  stability.  The  open  circles  are  values  of 
Kj^  and  the  triangles  are  values  of  K^.  All  data  contained  in  Table  ni-6 
identified  with  a  single  or  double  asterisk  were  left  out  of  Figure  HI- 10  for 
reasons  indicated  at  the  bottom  of  the  table. 

It  is  obvious  that  with  a  given  wind  gradient  dn/dz,  the  eddy  diffusivity 
and  the  eddy  conductivity  increase  rather  drastically  with  greater  negative 
Ri  values  beyond  -0.1.  Both  and  are  nearly  an  order  of  magnitude 
greater  at  Ri  =  -2  than  at  an  Ri  of  -0.02. 


K*.  are  plotted  as  a  function  of  Ri 
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Figure  III- 10.  Variation  of  a  dimensionless  form  of  Kq  and  Kh  'with  the  gradient 
Richardson  Number,  Riyg  cm  where  K£  =  K^/(z^  <?u/ dz)  and 
Kfc-  V1  du./dz).  Pasquill’s  (1949)  results  were  replotted 
for  comparison  with  1962-63  Davis  data. 
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Under  the  stable  conditions  there  is  little  effect  of  stability  on  either 
K*  values  until  somewhere  around  an  Ri  of  +0.1.  Although  the  scatter  is 
great  the  results  provide  some  support  for  the  occurrence  of  a  rapid  decay 
of  turbulent  transport  beyond  this  point.  This  is  discussed  in  more  detail 
in  Chapter  V  by  Crawford  (1963). 

The  solid  line  in  Figure  III- 10  is  an  eye-fitted  curve  through  the  Kg 
values  for  Davis.  The  heavy  dashed  lines  represent  the  relationship  for  Kg 
found  by  Pasquill  for  both  the  stable  and  unstable  condition.  The  results  are 
quite  compatible  except  for  the  slopes  of  the  lines  near  the  end  of  the  range 
of  Pasquill’s  data  for  negative  Ri.  If  extrapolated  out  in  a  straight  line  be¬ 
yond  the  range  of  his  measurements  his  results  would  indicate  Kg  values  at 
Ri  -  -2  of  almost  twice  those  for  the  Davis  data. 


The  Davis  data  for  Kg  versus  Ri  numbers  are  not  in  agreement  with 
the  average  relationship  reported  by  Pasquill  (indicated  by  light  dashed  lines 
in  Figure  III- 10).  Almost  all  of  the  Davis  data  lie  below  the  light  dashed  line 
except  in  the  highly  stable  cases.  There  is  little  support  here  for  a  conclu¬ 
sion  of  any  real  difference  between  Kg  and  Kg  in  the  highly  unstable  case. 

A  real  disparity  in  trends  between  the  Davis  results  and  those  of  Pasquill, 
is  more  apparent  in  Figure  III- 11  where  the  ratios  of  K^/K^  taken  from 
Table  II1-6  are  plotted  versus  the  Ri  numbers.  In  Pasquill’s  study,  within 
the  narrow  range  of  stabilities  realised,  the  ratio  of  K^/K^  varied  as  indi¬ 
cated  from  near  1.0  at  the  highest  stability  encountered  to  near  2.0  at  the 
greatest  instability.  Although  the  scatter  is  considerable,  the  Davis  data 
indicate  an  opposite  trend.  The  relationship  of  K^/K^  is  close  to  1.0  in  the 
highly  unstable  case,  averages  around  1.2  to  1.3  near  an  Ri  of  zero  and  if 
anything  appears  to  average  well  over  1.0  under  highly  stable  conditions. 

Most  of  the  data  with  Ri>  +  0.04  represent  a  transfer  of  water  vapor  to  the 
surface  rather  than  away  from  it.  Under  this  condition  of  deposition  of  dew, 
the  accuracy  of  determinations  of  the  very  low  flux  rates  for  l/2-hour 
periods  is  highly  questionable.  However,  the  average  flux  over  a  2-4  hour 
period  is  still  fairly  accurately  determined.  The  gradients  for  both  tempera¬ 
ture  and  humidity  were  strong  on  the  night  of  October  30  and  were  thus 
quite  accurately  determined.  It  is  therefore  suggested  that  in  spite  of  the 
scatter  of  the  data,  the  average  condition  of  the  dew  deposition  periods  re¬ 
presents  significant  evidence  of  a  K^/K^  -*  2  to  3.  There  is  considerable 
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Figure  III- 11.  The  variation  of  the  ratio  K^/K^  with  Ri?5.  Pasquill’s  (1949) 

relationship  was  replotted  for  comparison  with  1962-63  Davis 
data.  Solid  circles  or  triangles  are  for  cases  of  dew. 


Figure  III- 12.  Evapotranspiration  versus  the  vapor  pressure  gradient  from 
leaf  surface  to  air  at  25-cm  level,  (es  -  e>5)  where  e8  is  the 
saturation  vapor  pressure  at  leaf  temperature,  Tg,  and  not 
a  true  measured  surface  vapor  pressure. 
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uncertainty-  as  to  actual  Ri  values  during  these  periods  due  to  the  difficulty 
of  measuring  very  low  wind  velocities. 

In  general  it  is  believed  that  the  Davis  results  lend  considerable  support 
to  a  near  equality  of  eddy  diffusivity  for  water  vapor  and  eddy  conductivity  for 
heat  except  under  highly  stable  conditions.  The  good  results  in  predicting  ET 
reported  in  Chapter  IV  using  the  energy  balance  equation  (which  assumes 
-  K^j)  offers  further  evidence  of  the  above. 

With  the  large  variation  noted  earlier  of  the  relationship  of  fluxes  to 
gradients  above  the  surface  it  should  be  interesting  to  compare  in  particular 
the  flux  of  water  vapor  away  from  the  surface  as  a  function  of  the  difference 
in  vapor  pressure  of  the  evaporating  surface  and  of  the  air  just  above  the 
surface.  The  relationship  of  the  pattern  of  ET  to  e^  -  e^^  noted  earlier  in 
Figure  III- 8  suggests  possible  use  of  a  Dalton  typre  approach  in  estimating 
potential  evapotranspiration  from  a  full  cover  crop  with  unlimited  water 
supply.  Slatyer  and  Mcllroy  (1961)  indicate  that  the  Dalton  approach  has 
not  been  tried  over  land  and  suggested  problems  which  could  be  expected. 

When  comparing  the  results  in  Figure  III- 12  with  the  results  in  Figure 
III-9,  however  one  is  struck  with  the  much  smaller  effect  on  the  ratio  of 
ET/(ea  -  e ^ 5)  of  widely  varying  stability  conditions  encountered  on  August  31 
as  compared  to  the  effect  on  the  ratio  of  ET/(e^g  -  *^qq). 

For  August  3 1  the  plot  in  Figure  III- 1 2  still  indicates  greater  morning 
transfer  of  moisture  with  a  given  gradient  than  in  the  afternoon  hours.  Since 
wind  was  fairly  steady  after  0900,  this  may  be  due  to  greater  instability 
during  the  morning  hours.  If  this  is  the  case,  the  demands  for  correction 
for  stability  would  still  be  much  less  stringent  than  that  indicated  by  Figure 
III-9  where  the  gradients  of  moisture  concentration  between  the  50-cm  and 
100-cm  level  were  considered.  Variation  in  stomatal  resistance  during  the 
day  may  also  be  a  factor. 

If  the  data  presented  are  typical,  the  requirements  for  accuracy  in 
measurement  of  gradients  would  be  considerably  less  stringent.  At  mid-day 
for  example,  the  gradients  from  the  surface  to  a  25-cm  level  were  an  order 
of  magnitude  greater  than  the  gradients  above  the  grass. 

The  data  for  July  31  in  Figure  III- 12  are  reversed  from  that  of  August  31. 
Although  early  morning  relationships  are  similar  on  the  two  days,  the  effect 
of  higher  afternoon  winds  is  probably  two-fold.  The  level  of  stability  reached 
in  late  afternoon  of  July  31  is  not  only  much  less  but  the  wind  provides  better 
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turbulent  transport  of  vapor  away  from  the  aurface.  Part  of  the  reason  for 
a  higher  maximum  transfer  rate  on  July  31  is  the  higher  level  of  radiation. 

It  should  be  noted  here,  however,  that  actual  surface  temperatures  and  vapor 
pressures  remained  lower  due  to  the  greater  evaporative  cooling. 

In  Figure  III- 1 3  a  plot  of  ET/(e(  -  Bjqq)  versus  wind  speed  at  the 
100-cm  level  has  been  made.  In  the  Dalton- type  equation  for  evaporation 
the  form  has  normally  been  of  the  following 


E  =  f(uz)  (eg  -  ez) 

where  e  is  surface  vapor  pressure,  e  is  vapor  pressure  at  some  height  a 

8  t 

above  the  evaporating  surface,  and  f(u  )  is  an  empirically  derived  function  of 

z 

average  wind  speed  at  height  a,  commonly  given  in  the  form 

f(u  )  =  a(l  +  bu). 

z 
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Figure  III- 13.  The  variation  of  the  ratio  ET/(es  -  eioo)  with  wind  speed  at  the 
100-cm  level  where  es  is  the  saturation  vapor  pressure  at  leaf 
temperature,  Tg  and  not  a  measured  surface  vapor  pressure. 

Solid  data  points  are  for  periods  earlier  than  1  l/2  hours 
after  sunrise  and  later  than  11/2  hours  before  sunset.  Half- 
solid  points  indicate  dew  cases. 
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Except  for  the  night-time  and  a  few  early-morning  or  late-afternoon  hours, 
almost  all  of  the  1962  data  in  Figure  III- 13  lie  fairly  close  to  the  average 
relationship  indicated  by  the  eye- smoothed  curve.  Except  for  the  dew  cases, 
the  lower  values  may  be  caused  in  part  by  restriction  of  transpiration  due  to 
partial  or  complete  stomatal  closure.  Preliminary  studies  on  diurnal  varia¬ 
tions  in  stomatal  aperture  of  ryegrass  as  measured  by  infiltration  techniques, 
indicate  full  stomatal  opening  is  not  attained  until  1-3  hours  after  sunrise. 

As  indicated  in  Chapter  XI  and  in  Chapter  X  of  this  report,  plant  resistances 
to  water  loss  also  increase  during  the  afternoon  indicating  possible  stomatal 
closure  due  to  tensions  within  the  plant  or  to  some  other  factors. 

A  damping  of  turbulence  due  to  the  strong  inversion  in  late  afternoon 
may  also  be  a  factor  in  causing  some  of  the  low  1962  daytime  values  in  Figure 
III- 13.  The  low  values  at  night  for  the  cases  of  dew  are  probably  due  to  this 
factor  since  stomatal  behavior  would  be  of  no  consequence  at  this  time. 

As  indicated  earlier,  considerable  plant  control  over  transpiration  was 
suspected  for  the  March  12  date.  Results  in  Figure  III- 13  provide  a  prime 
reason  for  such  a  conclusion.  It  is  clearly  evident  that  a  true  measure  of 
effective  surface  vapor  pressure  was  needed  on  this  date  and  that  the  use  of 
a  saturated  vapor  pressure  at  measured  leaf  temperature  was  entirely  un¬ 
satisfactory.  This  highlights  one  of  the  most  difficult  problems  to  overcome 
in  the  use  of  such  an  approach  for  cropped  surfaces. 

As  indicated  earlier,  the  Dalton  approach  has  normally  been  used  in  a 
form  which  assumes  a  linear  relationship  between  E/(eB  -  e^)  and  the  wind 
speed.  Results  in  Figure  III- 13  show  a  relationship  which  appears  to  be 
curvilinear  even  on  a  semi-log  plot. 

Seasonal  Variation  of  Evapotranspiration  and  Radiation 

Seasonal  variations  in  the  relationship  of  evapotranspiration  to  solar 
and  net  radiation  were  reported  earlier  by  Pruitt  (1962).  Additional  data 
are  available  for  1961-62  and  are  given  along  with  1959-60  data  in  Figure 
III- 14. 

It  is  obvious  that  there  are  large  seasonal  changes  in  relationship  be¬ 
tween  ET  and  solar  radiation,  R  .  However,  if  only  the  May-October  period 

c 

is  considered,  the  range  of  ET/RC  ratios  is  only  from  about  0.48  to  0.58 
whereas  the  annual  range  is  from  0.24  to  0.58. 
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The  ET/R^  relationships  shown  indicate  the  1961-62  results  corroborate 
earlier  results  with  higher  midsummer  and  fall  ET/Rn  ratios  than  in  winter 
and  spring  months.  This  situation  may  be  somewhat  analogous  to  the  relation¬ 
ships  noted  during  diurnal  cycles.  In  spite  of  similar  radiation  on  spring  and 
fall  days,  the  surface  temperature  of  the  grass,  at  least  during  morning  hours, 
must  be  warmer  on  the  fall  days  than  on  spring  days.  Apparently  the  resulting 
higher  surface  vapor  pressures  must  more  than  overcome  the  generally 
higher  air  humidity  in  the  fall  so  that  a  greater  gradient  exists. 

It  should  be  noted  that  with  a  taller,  more  dense  crop  the  cover  would 
serve  as  a  more  effective  insulation  and  leaf  temperatures  should  be  lesB 
affected  by  the  soil  surface  temperature.  The  differences  in  leaf  temperature 
between  spring  and  fall  would  be  less  and  the  seasonal  variation  of  ET/Rr 
ratios  should  therefore  be  lower.  A  crop  with  greater  insulation  effect  should 
also  decrease  the  diurnal  variation  of  ET/R^  ratios  noted  for  grass  at  Davis. 

Another  factor  may  be  the  tendency  for  higher  stomatal  resistance  in 
afternoon  hours,  as  noted  by  both  Monteith  in  Chapter  X  and  Aston  in  Chapter 
XI.  Monteith  in  an  analysis  of  previous  year’s  data  also  indicates  higher 
stomatal  resistances  in  fall  months  than  in  spring  months  and  concludes 
that  if  stomatal  resistance  remained  constant  the  variation  of  ET/Rn  ratios 
would  be  even  greater  from  spring  to  fall  months  as  well  as  between  morning 
and  afternoon  hours. 

There  is  some  evidence,  however,  that  the  effect  on  the  grass  ET  of 
seasonal  variation  of  stomatal  resistance  is  not  very  significant.  With  data 
for  medium  or  high  advection  days  excluded,  the  results  shown  in  Figure 
III- 15  indicate  little  if  any  significant  seasonal  change  in  the  relationship  of 
ET  at  Davis  to  evaporation  from  free  water  surfaces. 


Yeir 

Figure  III- 15.  Mean  monthly  evapotranepiration  for  ryegraee  and  evaporation 
from  a  USWB  Class  A  pan  and  from  a  USDA-BPI  pan.  Both 
pans  are  located  within  the  large  irrigated  grass  field  in  which 
the  lysimeter  is  located. 

Note;  High  advection  days  excluded  in  calculations. 
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SUMMARY 

The  relationship  between  net  radiation  and  the  energy  used  in  evapo- 
transpiration  from  a  well-irrigated  grass  surface  was  found  to  be  quite 
complex  and  dependent  upon  a  number  of  factors  even  in  the  absence  of  ad- 
vective  effects.  The  ratio  of  L(ET)/(Rn  +  G)  gradually  increased  from  a 
low  of  around  0.5  two  hours  after  sunrise  to  1.0  by  1400-1500,  with  a  sharper 
increase  thereafter.  This  rather  low  use  of  Rr  for  evaporation  during 
morning  hours  resulted  in  radiation  heating  of  the  surface  considerably  in 
excess  of  the  rate  of  evaporative  cooling  and  resulted  in  a  development  of 
a  strong  lapse  rate  between  surface  and  the  air  with  Tg  exceeding  cm 

by  as  much  as  8.3°C  by  1030  on  one  very  calm  day.  This  produced  a  con¬ 
vective  heat  transfer  away  from  the  surface  which  almost  equaled  evaporative 
heat  flux  the  first  2  or  3  hours  of  the  day  and  at  the  time  of  peak  flux  rate 

at  1030-1100  accounted  for  about  36%  of  R  . 

n 

On  the  continually  calm  day  of  August  31,  1962,  leaf  temperatures  were 
fairly  closely  in  phase  with  the  pattern  of  ET  while  air  temperature  was 
well  out  of  phase.  Leaf  temperatures  were  considerably  higher  in  afternoon 
hours  than  in  morning  hours  with  equal  radiation.  This  is  likely  the  major 
factor  in  causing  an  out  of  phase  relationship  between  ET  and  R^  +  G  on 
such  days.  The  gradient  of  vapor  pressure  between  surface  and  air  was 
almost  in  phase  with  ET.  The  saturation  deficit,  like  air  temperature,  was 
well  out  of  phase,  reaching  a  peak  as  much  as  3  to  4  hours  after  ET  peaked. 
On  the  steadily  calm  day  of  August  31,  the  vapor  gradients  in  the  air  above 
the  surface  gradually  increased  during  morning  hours  corresponding  to  an 
increase  in  ET,  but  continued  to  rise  or  leveled  off  while  at  the  same  time 
ET  dropped  in  a  normal  pattern.  This  was  no  doubt  due  to  the  development 
of  strong  stability  conditions  soon  after  1500. 

In  a  comparison  of  eddy  diffusivities  for  water  vapor,  and  eddy 
conductivity  for  heat,  K^,  the  results  support  a  concept  of  nearly  equal 
transfer  mechanisms  for  both  water  vapor  and  heat  throughout  a  large 
range  of  unstable  cases.  K^/K^  averaged  somewhat  greater  than  1.0  at 
Ri  numbers  near  zero  and  approached  2  to  3  under  highly  stable  conditions. 
This  trend  is  opposite  to  that  suggested  by  results  of  Pasquill  (1949). 

Whereas  the  large  variations  in  stability  noted  for  calmer  days  indi¬ 
cate  the  need  for  a  major  correction  factor  for  stability  when  using  flux- 
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gradient  formulaa,  the  cloaeness  of  the  relationship  of  ET  to  vapor  gradients 
from  the  surface  to  the  air  suggest  the  possible  use  of  a  Dalton- type  approach. 
Not  only  would  requirements  for  accuracy  be  almost  an  order  of  magnitude 
lower,  but  only  slight  correction  for  stability  variation  is  indicated.  Such  a 
method,  however,  would  be  possible  for  use  only  when  the  surface  was  acting 
nearly  as  a  saturated  surface.  Results  for  March  12,  1963  provide  a  good 
example  of  a  case  where  this  was  far  from  true. 

The  seasonal  variation  of  ET--solar  and  net  radiation  relationships 
indicates  a  somewhat  analogous  situation  to  the  diurnal  variations.  ET/Rc 
or  ET/R^  ratios  were  generally  lower  in  spring  months  as  compared  to 
fall  months  with  an  equivalent  radiation. 
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\/  As  measured  -  all  other  data  from  eye-smoothed  profiles 
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Table  III-5,  Contd.  The  Energy  Balance 
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♦  Not  used  in  graphs  because  of  large  percentage  errors  possible  when  Aq  was  0.  1  grams  per  meter  or  less,  or 
when  AT  was  0.  1°C  or  less. 

♦♦Not  used  because  of  possible  large  percentage  errors  in  the  energy  balance  calculation  of  convective  heat  flux, 
11.  near  neutral  conditions. 


TABLE  III-6.  (continued) 
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Atmospheric  and  Surface  Factors  Affecting  Evapotranspiration 
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CHAPTER  IV 


APPLICATION  OF  SEVERAL  ENERGY  BALANCE  AND  AERODYNAMIC 
EVAPORATION  EQUATIONS  UNDER  A  WIDE  RANGE  OF  STABILITY 

W.  O.  Pruitt 


INTRODUCTION 

With  the  availability  of  profile  and  energy  balance  data  for  the  period 
covered  by  this  report  it  was  deemed  worthwhile  to  check  the  application  of 
several  aerodynamic  and  energy  balance  evaporation  equations  for  half-hour 
periods.  Although  only  4  to  5  days  of  records  were  available,  they  repre¬ 
sented  widely  varying  air  stability  and  surface  moisture  conditions  as  indi¬ 
cated  by  Chapter  III  of  this  report.  The  data  used  were  presented  in  the 
Tables  of  Chapter  III  and  the  reader  is  referred  to  it  for  details. 


RESULTS  AND  DISCUSSION 
Aerodynamic  Approaches 

Thornthwaite  and  Holzman  (1939)  assuming  a  logarithmic  form  for  the 
wind  speed  profile  introduced  an  expression  for  evaporation  involving  the 
measurement  of  wind  speed  and  humidity  at  two  heights  above  a  surface. 
This  equation  can  be  expressed  as 


E  = 


(q.  -  q,)  (u,  -  u. ) 


(1) 


where  E  is  evaporation  in  gms/cm^  sec;  k  is  the  von  Karman  constant, 
assumed  equal  to  0.4  in  this  Chapter;  p  is  the  air  density  in  gms/cm'*; 
qj  and  q2  are  absolute  humidities  in  gms  water  per  gm  of  air  at  two  heights, 
Zj  and  z2  cm  above  the  surface;  and  u^  and  u2  are  the  wind  velocities  in 
cm/sec  at  those  same  heights. 

Since  the  wind  profile  tends  to  be  logarithmic  only  under  adiabatic 
conditions  it  has  long  been  recognized  that  the  Thornthwaite-Holzman 
equation  has  limited  application. 

The  results  shown  in  Figure  IV- 1  indicate  the  inadequacy  of  this 
approach  except  under  the  windier  conditions  realized  on  the  afternoon  of 
July  30  and  31,  and  on  March  12.  The  predicted  values  seldom  approach 
the  measured  evapotranspiration  ET,  on  the  calm,  clear  days  of  August  31 
and  October  30th.  Pasquill  (1949a)  and  Priestley  (1959)  indicate  that 
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Figure  IV- 1.  Measured  evapotranspiration,  ET  for  perennial  ryegrass 

compared  with  calculated  vapor  flux  E,  using  the  Thornthwaite- 
Holzman  (1939)  equation  (Eq,  1).  Ej  based  on  measuring 
heights,  z j  and  z,  of  25  and  50  cm  above  the  soil  surface, 
with  E2  based  on  heights  of  50  and  100  cm. 
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Equation  (1)  will  underestimate  evaporation  in  unstable  conditions  and  over 
estimate  evaporation  in  stable  conditions.  Results  in  Figure  IV- 1  indicate 
a  very  considerable  underestimation  during  all  three  mornings  of  July  31, 
August  31  and  October  30  under  clear  calm  conditions  when  buoyancy  must 
have  been  a  very  great  factor.  On  the  two  latter  days  when  the  calm  condi¬ 
tions  prevailed  all  day,  ET  is  seriously  underestimated  up  until  1500  and 
seriously  overestimated  thereafter.  It  is  also  apparent  that  the  evaporation 
estimate  is  strongly  dependent  upon  the  heights  at  which  the  measurements 
were  taken  (Ej  based  on  heights  of  25  and  50  cm  above  the  soil  surface  and 
£2  based  upon  the  50  and  100  cm  levels). 

The  observations  on  the  night  of  October  31  may  be  of  particular 
interest  to  some  readers.  The  formula  predicts  a  deposition  of  dew  at  the 
rate  of  0.2  to  0.3  mm  per  hour  when  the  actual  rate  was  only  around  0.01  mm 
per  hour.  The  formula  clearly  fails  on  this  night  of  high  stability  with  wind 
speeds  of  only  50-80  cm/sec  at  a  1-meter  height  and  a  high  rate  of  radiation 
cooling  of  the  surface. 

Various  attempts  have  been  made  to  revise  the  above  method  to  make 
it  usable  under  non-adiabatic  conditions.  Although  Pasquill’s  (1949a)  study 
provided  evidence  for  the  absolute  validity  of  the  Thornthwaite-Holzman 
equation  under  adiabatic  conditions,  it  also  demonstrated  that  very  serious 
errors  can  result  when  this  method  is  used  under  non-adiabatic  conditions. 
This  was  shown  to  be  especially  true  if  the  original  measuring  heights  of 
Thornthwaite  and  Holzman  were  used  (up  to  7  l/2  meters).  Pasquill  sug¬ 
gested  that  the  effects  of  thermal  stratification  could  only  be  reasonably 
neglected  if  the  gradient  measurements  of  wind  and  humidity  were  confined 
to  the  first  50  cm  above  the  surface.  The  Davis  results,  as  indicated 
earlier,  show  that  even  with  this  restriction  in  measurement  heights,  the 


method  can  be  highly  inaccurate  on  calm,  clear  days. 

In  addition  to  suggesting  the  above,  Pasquill  simplified  the  form  of 
the  Thornthwaite-Holzman  equation  to  one  which  for  the  purpose  of  this 
Chapter  can  be  expressed  as 


pu2  (qj  -  q2) 


where  all  units  are  consistent  with  definitions  given  previously.  The 


(2) 


no 
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expression  in  brackets  serves  as  a  constant,  the  ratio  of  Uj/^  k®*n8 
determined  by  careful  observations  made  only  under  neutral  conditions 
over  the  surface  in  question. 

Within  the  range  of  stabilities  encountered,  Pasquill  indicates  errors 
exceeding  10  percent  were  seldom  found  during  daytime  periods.  It  is 
obvious  from  Figure  IV- 2  that  muck  greater  error  can  be  expected  when 
this  method  is  used  under  stability  conditions  beyond  the  range  covered  in 
Pa  squill’s  study  in  England. 

As  should  be  expected  the  results,  except  under  calmer  conditions, 
are  almost  identical  to  those  in  Figure  IV- 1  since  the  only  real  change  of 
Equation  1  is  the  use  by  Pasquill  of  the  ratio,  ujl/u2  determined  under 
neutral  conditions.  The  significant  differences  evident  on  the  calmer  days 
can  be  simply  explained.  uj/u2  normally  is  less  under  stable  conditions 
and  greater  under  unstable  conditions  than  at  times  when  the  temperature 
profile  is  neutral.  Thus  the  use  of  a  ^/u^  *or  neutra^  conditions  in  the 
expression  (1  -  for  all  hours  of  the  day  gives  lower  estimates  of 

E  for  stable  conditions  and  higher  estimates  of  E  for  unstable  conditions 
than  if  the  actual  value  of  u^  -  u^  had  been  used  as  in  the  Thornthwaite- 
Holzman  equation.  Although  Pasquill  anticipated  some  additional  error  due 
to  this  simplification  of  the  formula,  in  effect  it  helps  to  compensate  to 
some  extent  for  the  absence  of  a  stability  parameter.  This  is  evidenced  by 
a  comparison  of  Figures  IV- 1  and  IV-2  where  the  Pasquill  equation  results 
in  a  desirable  trend  with  higher  values  of  E  on  the  morning  of  August  31 
and  lower  values  in  late  afternoon.  A  particularly  significant  improvement 
due  to  the  above  was  the  much  closer  estimate  of  dew  on  the  night  of 
October  30  by  Pasquill’s  equation.  E  is  still  2  to  3  times  as  great  as  the 
actual  flux  of  vapor  to  the  surface,  however. 

Deacon  and  Swinbank  (1956)  suggest  that  these  difficulties  may  be 
relieved  to  a  large  extent  by  the  determination,  under  neutral  conditions, 
of  a  low-level  drag  coefficient  from  measurements  of  wind  at  two  heights 
more  easily  identified  than  in  the  previous  case.  They  suggest  that  in  so 
far  as  the  eddy  diffusivity  for  water  vapor,  and  the  eddy  viscosity, 
are  equal  and  the  low-level  drag  coefficient  is  independent  of  stability,  the 
following  equation  should  be  reliable  even  when  profiles  are  far  from 
logarithmic: 
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Figure  IV-2.  Measured  ET  compared  with  calculated  vapor  flux  E,  using 
Pasquill's  (1949)  equation  (Eq.  2). 
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where  is  the  drag  coefficient  at  the  level  n,  near  the  surface  (determined 
under  neutral  conditions)  and  u^  is  the  wind  speed  at  level  n,  during  any 
period  being  considered.  Conveniently  the  levels  z^  and  z^  can  be  the  same 
level  and  z 2  chosen  sufficiently  high  to  allow  desired  accuracy  in  determina¬ 
tion  of  -  q2  and  u2  -  u^. 

In  Figure  IV- 3  the  improvement  over  previous  results  is  very  striking 
considering  the  simple  changes  in  Equation  3  from  the  previous  expressions. 

It  should  be  recognized  that  only  part  of  the  variation  in  E  values  from  one 
half-hour  period  to  the  next  should  be  attributed  to  weaknesses  of  these 
formulas.  A  considerable  part  of  the  scatter,  no  doubt,  is  a  reflection  of 
the  inability  to  fully  achieve  the  extreme  accuracy  in  gradient  measurements 
required.  The  trends  evident  throughout  each  day,  however,  should  be 
quite  reliable. 

For  Equation  3  there  is  still  some  striking  dependence  of  E  on  the 
height  of  measurement,  especially  on  August  31.  It  is  interesting  that  E^ 
gave  a  very  good  estimate  of  ET  up  until  noon  on  this  day  in  spite  of  very 
great  instabilities  while  E2  seriously  underestimated  ET.  In  the  afternoon 
hours  E2  was  the  best  estimate  with  a  serious  overprediction  by  E^. 

Slatyer  and  Mcllroy  (1961),  writing  of  the  proposed  method  of  Deacon 
and  Swinbank  state  that  “although  requiring  further  confirmation,  in  particu¬ 
lar  over  surfaces  other  than  rough  pasture,  this  appears  at  present  to  be 
the  most  practical  application  of  the  aerodynamic  approach”. 

The  Davis  results  lend  considerable  support  to  this  statement  although 
the  method  appears  to  be  uncertain  under  clear,  calm  days  with  extreme 
changes  in  stability  conditions. 

The  vast  improvement  over  Equation  (1)  in  prediction  of  dew  on  the 
night  of  October  30  is  also  striking,  with  E2  ranging  from  -0.015  to  -0.027  mm 
per  hour  compared  to  -0.01  mm  per  hour  for  the  actual  flux  of  vapor  to  the 
surface.  Of  course  this  still  indicates  a  significant  error  in  measurement 
of  dew. 

Another  approach  for  improvement  of  the  aerodynamic  method  under 
non- neutral  conditions  has  been  the  inclusion  of  some  stability  parameter  in 
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Figure  IV-3.  Measured  ET  compared  with  calculated  vapor  flux  Ej  and  E^ 
using  the  Deacon-Swinbank  equation  (Eq,  3)  where  c  is  a  low- 
level  drag  coefficient  determined  under  neutral  conditions. 
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defining  the  relationship  between  the  flux  of  momentum  and  the  velocity 
gradient*.  For  example,  Roaaby  and  Montgomery  (1935)  proposed  the 
expression  for  use  under  stable  conditions  of  *  k(l  +  a  Ri)‘*/2  where 
is  a  dimensionless  form  of  the  eddy  viscosity  from  which  the  neutral 
dependence  of  wind  speed  and  height  has  been  removed;  o  is  a  constant 
and  Ri  is  the  gradient  form  of  the  Richardson  number.  This  mathematical 
expression  must  fail  in  the  more  unstable  conditions  as  "Ri  approaches 
-1.0.  When  pressed  into  use  for  estimating  evaporation,  this  would  be  a 
serious  disadvantage  because  evaporation  would  normally  be  high  under 
just  such  conditions. 

Holzman  (1943)  proposed  the  expression  of  Kij^  =  k  (1  -  "  Ri)^2  which 
when  pressed  into  use  for  prediction  of  moisture  flux  should  be  superior  to 
the  previous  relationship  since  it  would  tend  to  fail  only  under  the  stable 
condition  when  o  Ri  approached  +1.0,  a  condition  likely  to  occur  only  under 
fairly  low  evaporation  conditions  in  late  afternoon  if  the  results  in  Chapter 
III  can  be  considered  as  typical  for  cropped  areas.  This  assumes  a  "  of 
approximately  8  to  12. 

Neither  of  the  above  expressions  can  be  adequate  under  all  conditions. 
The  fact  that,  when  pressed  into  use  by  a  number  of  workers,  the  value  of 
"has  been  found  to  have  a  wide  range,  indicates  the  mathematical  form  of 
the  equation  inadequately  estimates  the  true  effect  of  stability  on  the  flux- 
gradient  relationships. 

In  Figure  III- 10  of  the  previous  Chapter,  the  relationship  between  a 
dimensionless  form  of  the  eddy  diffusivity  for  water  vapor  K£,  and  the 
Richardson  number  Ri,  was  presented  based  on  results  at  Davis.  An 
approximate  average  relationship  under  unstable  and  near-neutral  condi¬ 
tions  was  easily  determined  while  beyond  Ri  =  +0.05  the  average  relationship 
indicated  was  highly  uncertain. 

It  is  proposed  here  that  rather  than  using  a  mathematical  expression  to 


describe  the  relationship  of  K£  to  Ri,  the  use  of  a  graphed  relationship  or 
average  curve  to  predict  probable  KjKj  values  from  calculated  values  of  Ri, 


might  provide  an  adequate  estimate  of  evaporation.  With  an  estimate  of 
a  computed  value  of  eddy  diffusivity  c  could  be  derived  from 

and  evaporation  then  computed  from 

E  =  -  P  (*d)  c 


(4) 
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In  sc  far  as  the  Davis  data  are  representative  and  the  Richardson  number 
can  be  relied  upon  to  predict  the  effect  of  stability  under  various  conditions, 
this  approach  should  lead  to  an  adequate  estimate  of  evaporation  within  a 
wide  range  of  stability.  The  uncertainty  seems  quite  considerable,  however, 
in  the  more  stable  cases  represented  by  values  of  Ri  >  +  0.05.  It  also  has 
one  disadvantage  over  previous  expressions  in  that  an  additional  measure¬ 
ment  is  required  since  temperature  gradients  are  needed  to  compute  the 
Richardson  number. 

In  Figure  IV-4  the  results  indicate  quite  good  estimation  of  the  actual 
flux  for  most  of  the  periods.  A  fairly  definite  exception  is  on  the  afternoon 
of  August  31  when  there  were  two  rather  high  estimates  just  after  noon. 

Also,  during  the  half  hour  period  of  1500-1530,  with  the  temperature  profile 
averaging  almost  neutral,  E  is  less  than  half  of  ET.  This  may  be  partially 
due  to  the  difficulty  of  getting  a  reliable  Ri  value  at  such  times. 

Other  than  for  August  31  the  results  show  good  agreement.  Even  on 
August  31  when  data  for  half-hour  periods  is  scattered  the  total  predicted  E 
for  the  day  is  close  to  the  daily  ET  total,  exceeding  it  by  only  8%. 

One  of  the  oldest  of  the  aerodynamic  methods  of  predicting  evaporation 
can  be  attributed  to  Dalton.  This  method  can  be  expressed  as 

E  -  f(u)  (e  -  e  )  (5) 

3  Z 

where  eg  is  the  saturated  vapor  pressure  at  surface  temperature;  e^  is  the 
vapor  pressure  at  some  height  z  above  the  surface  and  f(u)  is  a  function  of 
the  wind  speed  commonly  given  in  the  form  of  f(u)  =  (a  +  bu^)  where  u^  is 
the  average  wind  velocity  at  height  z  and  a  and  b  are  empirically  determined 
constants. 

This  method  has  been  checked  many  times  over  water  surfaces.  Slatyer 
and  Mcllroy  (1961)  indicate  the  Dalton  approach  has  been  established  as 
thoroughly  satisfactory  for  estimating  lake  evaporation  lU.  S.  Geological 
Survey  (1954),  Harbeck,  Kohler  and  Coberg  (1958),  and  Webb  ( 1 96 0) |  . 

In  many  studies  of  the  Dalton  approach  daily  totals  of  evaporation  were 
considered.  By  contrast  Webb  (I960)  introduced  an  equation  for  three-hour 
periods.  The  Davis  data  provide  an  opportunity  to  test  a  Dalton  approach 
for  even  shorter  periods  although  the  use  of  surface  temperature  measure¬ 
ments  of  vegetation  to  deduce  an  effective  surface  vapor  pressure  is  highly 


Figure  IV-4.  Measured  ET  compared  with  calculated  vapor  flux  (Eq.  4) 
where  the  eddy  diffusivity  (Kj))c  is  calculated  from  a  value 
of  Kjfc  obtained  from  the  average  relationship  of  KjJ^  and 
Richardson  numbers.  Data  are  based  on  measurements 
at  50  and  100  cm. 
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questionable  under  some  conditions.  This  is  indicated  by  the  results  reported 
in  Chapter  III  where  a  possible  stomatal  closure  during  low  light  periods 
and  during  all  hours  of  a  strong,  dry-wind  day,  produced  a  very  great  scatter 
in  a  plot  of  ET/  (eg  -  e  1  qq)  versus  wind  speed.  Nevertheless,  with  the 
exception  of  the  above,  there  was  a  fairly  small  degree  of  scatter  in  the  data. 

If  it  could  be  presumed  that  there  was  little  stomatal  resistance  change 
within  the  range  of  wind  speeds  studied  (excluding  the  March  12  data  and 
the  low-light  hours  of  the  other  days)  the  results  indicate  a  non  linear  re¬ 
lationship  for  the  wind  function  f(u).  As  yet  the  Davis  data  have  not  been 
used  to  test  any  of  the  previously  derived  constants  in  an  assumed  linear 
relationship.  However,  in  order  to  illustrate  trends  throughout  the  day  of 
the  relationship  between  ET/(eg  -  e^gg)  and  wind,  values  of  this  ratio  were 
picked  off  of  the  curve  in  Figure  III- 13  for  the  various  levels  of  wind  speed 
for  each  l/2-hour  period.  Since  this  curve  represents  an  average  f(u),  the 
values  determined  from  the  curve  were  used  in  Equation  5  to  calculate 
estimates  of  E.  The  original  units  of  ET  used  in  Figure  III- 13  were  in  mm 
per  hour,  thus  E  in  equation  5  would  also  be  in  mm  per  hour. 

It  could  be  argued  that  with  the  data  already  presented  in  Figure  III- 13 
it  would  be  superfluous  to  use  the  same  data  in  Equation  5  (the  same  also 
applies  to  the  previous  method  discussed).  However,  by  taking  this  approach 
it  becomes  possible  to  determine  any  definite  trends  of  departure  of  the 
actual  relationships  from  the  average  during  various  times  of  each  day. 

The  results  in  Figure  IV- 5  on  all  but  March  12  indicate  that  a  Dalton 
method  may  offer  considerable  promise  over  cropped  surfaces  even  when 
surface  vapor  pressures  are  based  on  an  assumed  saturated  surface  at 
leaf  temperature.  Except  for  the  afternoon  of  August  31  excellent  agree¬ 
ment  between  E  and  ET  is  evident  for  1962  data.  On  this  very  calm  day 
there  is  apparently  some  influence  of  high  stability  from  mid-afternoon  on; 
or  greater  stomatal  resistance  caused  a  lower  effective  surface  vapor 
pressure  than  that  calculated  from  surface  temperature.  It  is  obvious  from 
Figure  III- 13  that  early  morning  and  late  afternoon  ratios  of  ET/(eg  -  e^g) 
tend  to  run  well  below  other  daytime  periods  with  equivalent  wind. 

The  data  for  March  12,  a  strong,  dry  wind  day  provide  an  excellent 
example  of  the  dangers  of  using  assumed  surface  vapor  pressures  rather 
than  measured  values  in  a  Dalton  type  approach.  On  this  day  there  must 
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Figure  IV- 5.  Measured  ET  compared  with  calculated  vapor  flux  (Eq,  5) 
where  f(u)  is  obtained  from  the  graph  in  Figure  III- 13. 
Measurement  heights  for  E  were  from  the  crop  surface  to 
100  cm  above  the  soil  surface. 
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have  been  a  very  definite  plant  control  of  tranapiration  at  indicated  in 
Chapter  III. 

One  of  the  attractive  features  of  a  Dalton  approach  ia  the  accuracy 
reqirement.  The  Davis  results  indicate  the  vapor  gradients  between  surface 
and  100  cm  were  almost  an  order  of  magnitude  greater  than  the  gradients 
between  50  and  100  cm  much  of  the  time.  A  reasonably  accurate  humidity 
and  wind  speed  measurement  at  a  single  height  above  the  surface  along  with 
a  surface  temperature  measurement  might  provide  better  accuracy  than  the 
more  sophisticated  aerodynamic  methods  which  require  very  precise  grad¬ 
ient  measurements  of  wind  and  temperature.  If  the  surface  was  not  respond¬ 
ing  essentially  as  if  it  were  saturated  some  way  of  obtaining  an  effective 
surface  vapor  pressure  would  be  required,  however.  When  using  surface 
temperature  measurements  there  would  always  be  the  danger  that  some 
unsuspected  factor  might  be  producing  significant  stomatal  control  of 
transpiration. 

Energy  Balance  Approach 

The  energy  balance  at  the  surface  can  be  expressed  as  R  +  G  +  LE  + 

H  =  0  where  R  is  the  net  radiation,  G  is  the  soil  heat  flux,  LE  is  the  evap- 
n 

orative  heat  flux  and  H  is  the  convective  heat  flux.  In  this  .form  G,  LE,  and 

H  are  negative  if  the  flux  is  away  from  the  surface. 

If  it  were  convenient  to  measure  R^,  G  and  H,  the  energy  going  into 

evaporation  could  be  calculated  from  the  above  equation.  Althouth  Rr  and 

G  can  now  be  determined  with  adequate  accuracy,  obtaining  a  measurement 

of  H  is  probably  as  difficult  as  measuring  LE  itself.  A  common  approach 

then,  has  been  to  measure  R  and  G  and  resort  to  the  use  of  some  suitable 

n 

method  of  partitioning  the  remaining  energy  between  evaporation  and  heating 
of  the  air.  This  can  be  arrived  at  by  taking  the  expressions  for  H  and  LE  of 


H  =  p  0^  BT/Bz  and  LE  =  L  p  Bq/3z 


where  H  and  LE  are  in  cal/cm^  sec; 
constant  pressure  in  cal/gm°C;  L  is 
and  Kp  are  the  eddy  conductivity  for 
vapor  respectively  in  cm^/sec. 


0^  is  the  specific  heat  of  the  air  at 
the  latent  heat  of  evaporation;  and  Kj^ 
heat  and  the  eddy  diffusivity  for  water 
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Assuming  =  K^,  an  expression  for  H/LE  in  terma  of  measured 
gradients  is 


PCpKHBT/Bz  Cp  BT/3Z 

ITpK^  3q/  3z  IT  '?q  A  * 


This  can  be  approximated  using  measurements  of  temperature  and  humidity 
differences  at  two  heights  giving 


H  _  "p  *2 _ *1  _ 

OT  "IT  q2  -  q1  "  P 

where  ft  is  commonly  known  as  the  Bowen  ratio,  although  Bowen’s  (1926) 
expression  for  ft  was  in  terms  of  vapor  pressure  gradients  rather  than 
specific  humidity  and  included  barometric  pressure.  His  expression  for  ft 
gives  somewhat  lower  values  than  the  one  above. 

To  obtain  E  from  the  previous  equation  it  is  rewritten  in  the  form 


This  method  has  had  wide  use  over  water  surfaces  but  more  recent 
work  has  been  over  cropped  surfaces.  Suomi  and  Tanner  (1958)  found  good 
agreement  between  calculated  E  using  the  above  method  and  measured  ET 
using  lysimeters.  Results  of  extensive  work  by  Angus  at  the  Davis,  California 
site  in  1959  have  been  included  in  a  PhD  dissertation  Angus  (1962)  .  Good 
agreement  between  calculated  and  measured  ET  was  obtained  except  under 
strong  advection  conditions.  Also  under  highly  unstable  cases,  Angus  found 
that  evaporation  may  be  over-estimated  by  50  to  100  percent. 

On  the  other  hand,  Pasquill’s  (1949b)  results  indicated  poor  agreement 
especially  in  unstable  atmospheric  conditions.  Priestley  (1959)  indicates 
that  simultaneous  measurements  of  H  and  E  by  Swinbank  have  failed  to 
corroborate  this  method. 

Results  in  Figure  IV- 6  indicate  the  energy  ba±ance  approach  gave  the 
best  overall  results  of  any  of  the  methods  included  in  this  Chapter.  There 
was  serious  disagreement  between  ET  and  E^  or  E2  only  at  times  when  ft 
approached  a  value  of  -1.0  and  these  were  at  times  of  the  day  when  vapor 


MM  PER  HR 


E=(Rn+Q)lT7 

3-12-13 


h  10-30-12 


-  7-30-82 

J _ 1 _ I _ I _ I _ I _ L 

4  I  I  10 


-J _ l 

N 

P.S.T. 


Figure  IV-6,  Measured  ET  compared  with  calculated  vapor  flux  (Eq.  6) 
using  the  energy  balance  (or  Bowen  Ratio)  approach. 
Measurement  heights  for  Ej  and  E^  were  25  to  50  and  50 
to  100  cm  respectively. 
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flux  was  quite  low  anyway.  In  contrast  to  all  other  methods  checked,  this 
approach  gave  excellent  estimates  of  ET  throughout  the  wide  range  of 
stability  encountered  on  August  31.  Little  tendency  to  over-estimate  ET 
under  highly  buoyant  conditions  was  noted. 

Also  of  importance  is  the  fact  that  E^  and  gave  very  similar  results. 
The  energy  balance  approach  also  gave  one  of  the  better  estimates  of  dew  on 
the  night  of  October  31  although  E  still  exceeded  actual  vapor  flux  to  the  sur¬ 
face  by  about  100%. 

SUMMARY 

Five  aerodynamic  approaches  to  estimating  water  vapor  flux  away 
from  a  surface  were  tested  over  half-hour  periods  using  the  wind,  tempera¬ 
ture  and  humidity  data  reported  in  Chapter  III.  Also  tested  was  the  energy 
balance  approach  (or  Bowen  Ratio  Approach). 

The  Thornthwaite-Holzman  gradient  equation  proposed  in  1939  as  well 
as  a  modified  form  of  this  equation  as  suggested  by  Pasquill  in  1949  was 
shown  to  be  highly  inadequate  except  under  wind  conditions  of  3  to  4  meters 
per  second  or  more.  Both  equations  gave  very  similar  estimates.  Only 
slight  improvement  was  noted  in  the  Pasquill  approach. 

The  equation  proposed  in  1956  by  Deacon  and  Swinbank  making  use  of 
a  low-level  determination  of  a  drag  coefficient  during  neutral  conditions 
proved  to  give  a  very  much  improved  estimate  of  ET  although  difficulty  was 
noted  for  two  very  calm,  clear  days.  Also,  results  depended  somewhat  upon 
the  level  at  which  the  measurements  were  made. 

A  method  proposed  by  the  writer  using  an  empirically  determined 
relationship  between  a  common  stability  parameter  (the  Richardson  number) 
and  a  dimensionless  form  of  the  eddy  diffusivity  for  water  vapor,  indicated 
a  method  for  accounting  for  the  effects  of  widely  varying  stability  in  the 
aerodynamic  approach.  Considerable  uncertainty  was  evident  at  Ri  values  > 

+  0.05  but  the  results  in  general  gave  good  estimates  most  of  the  time  on  all 
five  days  investigated. 

An  average  relationship  between  the  ratio  of  vapor  flux  to  vapor 
gradient  from  surface  to  100  cm,  as  a  function  of  wind  speed,  was  described 
in  Chapter  III.  The  function  of  wind  speed  thus  obtained  was  used  in  a 
Dalton  approach  with  good  results  except  for  a  strong,  dry-wind  day  when 
stomatal  resistance  of  the  plant  must  have  kept  the  surface  from  being 


Application  of  Several  Evaporation  Equation! 


123 


effectively  near  saturation.  In  general,  the  results  indicate  the  Dalton 
approach  might  be  very  successfully  used  over  cropped  surfaces,  especially 
if  an  effective  surface  vapor  pressure  measurement  could  be  obtained. 

The  use  of  an  energy  balance  approach  proved  to  be  highly  satisfactory 
on  all  five  days  tested.  The  only  serious  discrepencies  occurred  when  the 
Bown  Ratio  ft,  approached  -1. 
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CHAPTER  V 


EDDY  DIFFUSIVITY  AS  A  FUNCTION  OF  STABILITY 
Todd  V.  Crawford 

INTRODUCTION 

Methods  of  estimating  evaporation  from  gradient  measurements,  such 
as  those  proposed  by  Thornthwaite  and  Holzman  (1939),  Pasquill  (1949a),  and 
Deacon  and  Swinbank  (1956),  utilize  an  eddy  diffusivity  or  drag  coefficient 
obtained  from  wind  profile  data  under  neutral  conditions.  In  this  case  the 
log-law  representation  of  the  wind  profile  is  satisfactory.  Pasquill  (1949b) 
and  Deacon  and  Swinbank  (1956)  have  shown  that  the  eddy  diffusivities  of 
water  vapor  and  momentum  are  equal  in  near-neutral  conditions  with 
moderate  wind,  but  Pasquill  (1949b)  indicates  that  this  is  not  true  in  non¬ 
neutral  conditions. 

Because  truly  neutral  conditions  occur  for  only  two  relatively  short 
periods  (near  sunrise  and  sunset  on  clear,  high-evaporation  days),  this  paper 
examines  the  variation  of  the  eddy  diffusivity  of  water  vapor  as  a  function 
of  stability. 

THEORY 

By  using  the  exchange  coefficient  hypothesis  and  neglecting  molecular 
transfer  terms,  the  vertical  fluxes  of  momentum,  sensible  heat,  and  water 
vapor  can  be  represented  by  the  following  equations: 


T  »  pKM  B  u 

3  * 

(1) 

H-  -  PC  3  T 

*  3  * 

(2) 

E  *  '  pKD  ^  q 

(3) 

3  * 


The  definitions  and  units  of  the  above  terms  are  standard.  The  adiabatic 
lapse  rate  has  been  neglected  in  equation  (2)  because  of  its  small  effect 
over  the  range  of  heights  involved.  In  addition,  the  following  discussion 
will  assume  that  the  fluxes  are  constant  with  height. 

By  using  mixing  length  or  similarity  concepts,  and  assuming  fully 
rough  flow,  the  well-known  log  law  for  representing  the  velocity  profile  can 
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be  derived. 


9  u  u* 
~§~*  *  E* 


or 


u. 


u 


*ln 


w 


(4) 

(5) 


Observations  have  shown  that  this  law  fits  the  data  quite  closely  under 
neutral  conditions  and  with  a  von  Karman's  constant  (k)  equal  to  approximately 
.4.  From  equations  (1)  and  (4)  it  is  possible  to  show  that 


KM  .  k2  «2 


9  u 
9  * 


kzu„ 


(6) 


Because  the  log  law  does  not  fit  the  data  under  non-neutral  conditions, 

various  proposals - Rossby  and  Montgomery  (1935),  Holzman  (1943),  Monin 

and  Obukhov  (1954),  Businger  (1959),  etc. - have  been  made  to  modify 

equations  (4)  -  (6)  for  stability  effects.  However,  most  of  these  modifications 

are  small  corrections  applicable  only  to  near-neutral  conditions.  Even  these 

stability- modified  forms  of.  eddy  viscosity  have  not  generally  appeared  in  the 

formulas  for  estimating  evaporation. 

The  tuibulence  that  causes  a  turbulent  transfer  of  water  vapor  down 

its  concentration  gradient  can  be  either  mechanically  or  thermally  generated. 

For  mechanically  generated  turbulence,  where  the  influence  of  buoyancy  is 

negligible,  the  preceding  equations  are  applicable.  However,  for  the  case  of 

sensible  heat  flux,  where  the  flux  is  due  to  the  turbulence  generated  by  the 

buoyant  elements  themselves,  Priestley  (1959)  has  proposed,  from  dimensional 
•  • 

reasoning,  the  following  equation: 

«=h»cp(4)  1/2,2  Hrj  3/2  iv 

to  which  he  refers  as  heat  transfer  under  a  regime  of  free  convection.  If 
one  still  retains  the  exchange  coefficient  concept,  then  by  using  equations 
(2)  and  (7),  it  is  possible  to  obtain  the  following  form  for  the  eddy  conduc¬ 
tivity  under  the  free- convection  regime: 


Kh”"2(4|-H| 


1/2 


(8) 
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Elli«on  (1957)  predict*,  theoretically,  that  the  turbulent  transport  of 
any  neutral  density  substance  must  take  place  in  exactly  the  same  manner 
as  the  turbulent  transport  of  sensible  heat  because  the  concentration  tv* 
density  fluctuations  in  turbulent  flow  are  correlated.  Applied  here,  this 
means  that  under  all  extremes  of  stability.  However,  Pasquill 

2Kp  under  unstable 
conditions.  To  help  resolve  this  conflict,  it  is  convenient  to  define  the 
following  nondimens ional  evaporative  flux,  E*,  and  then  investigate  its 
variation  with  changes  of  stability. 


(1949b)  has  reported  data  that  show  approaches 


E*  = 


T72-7 


(9; 


JLi 

B  * 


Under  near-neutral  conditions  (K^  *  *  K^),  the  use  of  equations  (3)  and 

(6)  in  equation  (9)  gives: 


E*  »  k  Ri 


•  1/2 


(10) 


where  Ri  is  the  gradient  form  of  the  Richardson  number,  Richardson  (1920). 
Ri  is  defined  by: 


Ri  »  $- 


B  T 
B  * 

Pff 


(11) 


and  represents  the  ratio  of  the  kinetic -energy  increase  (or  decrease)  of  an 
eddy  due  to  buoyancy  forces  to  the  kinetic -energy  input  to  the  eddy  from  the 
working  of  the  Reynolds  stresses  against  the  mean-velocity  profile.  Batchelor 
(1953)  has  shown  that  Ri  is  the  sole  governing  parameter  for  frictionless  non- 
adiabatic  atmospheric  flow.  Negative  values  are  associated  with  unstable 
conditions  and  positive  values  are  associated  with  stable  conditions. 

In  the  regime  of  free  convection,  equations  (3)  and  (8),  with  *  K^, 
are  used  to  represent  the  evaporation.  Substitution  in  equation  (9)  for  E 
gives: 

E*  «  h  (12) 

With  slightly  stable  conditions,  E*  should  follow  the  form  given  in 
equation  (10).  In  extremely  stable  conditions  the  turbulence  must  decay 
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completely  and  then  the  evaporative  flux  mutt  only  be  due  to  molecular 

diffusion.  The  molecular  diffusion  of  water  vapor  can  be  represented  by 

/( 

an  equation  exactly  like  equation  (3),  with  replaced  by  X,  which  is  the 
molecular  diffusivity.  Then  E*  becomes: 


or 


£*  > 


K 

3  T 

3  * 


T/T-T 


(13) 


E*  « 


T7T 


<Ricrit.> 


- - Z 

3  u  s 

3  * 


(14) 


Ri  ..  is  the  critical  value  of  the  Richardson  number  which  is  characteristic 
cnt. 

of  the  atmosphere  after  the  turbulence  has  completely  decayed. 


COMPARISON  WITH  DATA 

Data  obtained  at  the  Davis  test  site  on  July  30-31,  1962,  August  31,  1962, 
and  October  30,  1962  were  used  to  investigate  E*  as  a  function  of  Ri.  The 
evaporative-flux  data  were  obtained  from  the  20-foot  diameter  weighing 
lysimeter.  Absolute  humidity  (  p  q)  data  were  obtained  by  sequential  sampling 
at  six  heights  between  the  surface  and  4  meters,  then  analysing  the  absolute 
humidity  of  the  sample  with  the  infrared  hygrometer.  Temperature  data 
were  available  from  aspirated  thermocouple  masts.  The  July  temperature 
data  were  obtained  from  nine  heights  between  10  cm  and  6  m  above  the  ground; 
those  in  August  and  October  were  obtained  from  four  heights  between  25  cm 
and  2  m.  Wind  profile  data  at  four  heights  between  25  cm  and  2  m  were  ob¬ 
tained  with  Thornthwaite  cup  anemometers. 

All  of  the  data  were  averaged  over  half-hour  periods  --  about  the 
minimum  period  needed  to  obtain  accurate  evaporative  flux  data  with  the 
lysimeter  --  and  then  all  of  the  half-hourly  profiles  were  plotted  on  semi¬ 
log  paper.  Smooth  curves  were  drawn  through  the  data  points.  Values  were 
picked  from  these  smoothed  profiles  (wind,  temperature,  and  absolute 
humidity)  at  heights  of  25,  50,  100,  and  200  cm.;  these  values  are  tabulated 
elsewhere  in  this  report  (Pruitt  and  Aston  1963). 

Even  though  the  Davis  lysimeter  site  is  very  uniform,  the  presence  of 
a  road  and  a  drier  alfalfa  field  influenced  the  temperature  profile  above 
one  meter  on  August  31  when  there  were  light  northeast  winds.  Thus,  to 


Eddy  Diffusivity  At  A  Function  of  Stability 


129 


avoid  any  effect  of  horizontal  inhomogeneity  (Crawford  and  Dyer  1962)  and 
to  be  cona latent  for  all  of  the  daya  involved,  the  profile  gradienta  at  75  cm. 
above  the  ground  were  approximated  by  finite  di&erences  between  100  cm. 
and  50  cm.  However,  it  ahould  be  pointed  out  that  the  relationahipa  between 
E*  and  Ri  determined  at  75  cm  are  applicable  to  other  heighta  aa  long  aa 
the  vertical  fluxea  remain  conatant.  Even  though  Ri  increaaea  almoat 
linearily  with  height,  it  ia  the  magnitude  of  Ri  which  characteriaea  the 
turbulence.  Thua,  height,  per  ae,  will  not  influence  the  relationahipa  be¬ 
tween  E*  and  Ri.  The  data  were  uaed  to  compute  E*  and  Ri  from  their 
defining  equationa  and  hence  to  prepare  Figure  V-l.  Although  E*  ia  plotted 
aa  a  function  of  Ri  ,  the  open  circlea  correapond  to  Ri  <  O  and  the  dota 
to  Ri  >  O.  An  inapection  of  theae  data  indicated  a  general  change  of  the 
functional  dependence  of  E*  on  -Ri.  Thia  change  aeemed  to  take  place  at 
about  Ri  •  -.02  to  -.03.  Therefore,  logarithmic  regreaaion  lines  were 
fitted  to  the  data  for  all  data  in  the  range  of  -.022  <  Ri  <  +.022  and  for 
Ri  <  -.03.  Theae  linea  are  represented  by  dashed  lines  in  Figure  V-l.  Aa 
indicated  by  equationa  (10)  and  (12),  the  functional  dependency  of  E*  on  Ri 
uaed  over  the  same  Ri  ranges  gives  the  logarithmic  regression  lines  indi¬ 
cated  by  the  solid  lines  in  Figure  V-l.  The  extension  of  the  one  curved 
regression  line  beyond  Ri  *  1.03  j  will  be  discussed  later. 

These  data  indicate  that  the  evaporative  flux  takes  place  under  a 
regime  of  forced  convection  (buoyancy  effects  negligible)  for  Ri<  .02  . 

Then  there  is  a  region  of  transition  and  finally  the  evaporative  flux  takes 
place  Under  a  regime  of  free  convection  for  Ri<,-.03.  This  transition  from 
one  type  of  regime  to  another  must  be  continuous,  but  the  limiting  forma 
for  E*  specified  by  equationa  (10)  and  (12)  do  represent  the  processes  taking 
place  quite  well  over  a  large  range  of  Ri.  The  slopes  of  the  dashed  regression 
lines  are  greater  than  the  solid  regreaaion  lines  whose  slope  was  fixed  by 
equationa  (10)  and  (12),  However,  thia  result  may  be  due  to  sparse  data  for 
0>Ri»-.l.  The  forced  convection  regime  ia  predominantly  determined  by 
data  collected  under  stable  conditions;  when  the  Richardson  number  approaches 
the  value  appropriate  for  the  transition  to  a  regime  of  free  convection,  one 
would  expect  E*  to  be  larger  than  for  the  same  Ri  under  stable  conditions. 
Additional  data  would  hence  change  the  slope  of  the  regression  line  more  to 
that  indicated  by  equation  (10).  This  additional  data  would  also  increase  the 
valuetof  k,  which  is  .365  for  the  dashed  regression  line  and  .387  for  the  solid 
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line,  and  bring  it  closer  to  the  accepted  value  of  .4.  The  possibility  that  the 
differences  between  the  observed  and  the  theoretically  predicted  slopes  are 
real  should  not  be  overlooked.  If  they  are  real,  it  would  indicate  that  the 
turbulent  transfer  coefficient  goes  through  a  minimum  value  as  the  ratio  of 
thermally  to  mechanically  generated  turbulence  increases.  A  similar  effect 
has  been  noted  in  the  heat  transfer  from  a  hot-wire  anemometer  by  Hulkill 
(1941)  and  Coulbert  (1952). 

In  practice,  at  Davis,  it  is  difficult  to  obtain  small  negative  Richardson 
numbers  over  the  irrigated  lysimeter  field.  It  is  more  desirable,  for  accuracy 
reasons,  to  make  Ri  small  by  increasing  the  denominator  than  by  decreasing 
the  numerator.  In  fact,  data  associated  with  AT<  j.l°cj  and  A(pq)<.l  g/m^ 
between  100  and  50  cm  were  not  used  in  this  work.  Over  the  lysimeter  field 
lapse  conditions  occur  only  during  the  morning  and  early  afternoon  and  at  this 
time  the  winds  are  usually  light.  The  late  afternoon  winds  are  associated  with 
temperature  inversions.  This  diurnal  cycle  is  especially  true  of  the  summer 
months  which  are  relatively  unaffected  by  frontal  systems  and  which  have  high 
evaporation  rates. 

A  similar  analysis  of  a  dimensionless  sensible  heat  flux  has  been  reported 
by  Priestley  (1959).  It  is  defined  by: 


H* 


PC 


37Z  2 


(15) 


and  has  exactly  the  same  limiting  forms  for  the  regimes  of  forced  and  free 
convection  as  E*.  Thus,  inasmuch  as  the  turbulent  transfers  of  sensible  heat 
and  water  vapor  are  considered  to  be  governed  by  the  same  mechanism, 
comparisons  can  be  drawn  between  the  results  obtained  by  Priestley  and 
those  reported  in  this  paper.  Eddy  correlation  measurements  of  H  and 
temperature-  and  wind-profile  data  were  used  to  prepare  a  graph  of  H* 
versus  -Ri  (Priestley  1959,  p.44).  The  shape  of  this  graph  is  identical  to 
Figure  V- 1  and  shows  a  regime  of  predominantly  forced  convection  which 
changes  into  one  of  free  convection  at  a  Ri  of  -.02  to  -.03.  Realising  that 
H  may  be  underestimated  by  the  eddy  correlation  technique  of  measurement, 
Priestley  suggests  a  value  of  h  ■  .9  which  is  higher  than  that  given  by  his 
data.  The  value  of  h  from  the  E*  data  is  1.05.  It  could  be  that  Priestley  s 
allowance  for  the  underestimation  of  the  sensible  heat  flux  was  not  sufficient, 
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or  perhaps  this  discrepancy  could  be  accounted  for  by  the  fact  that  the  density 
stratification  over  an  evaporating  surface  is  greater  than  that  indicated  by  the 
temperature  gradient  alone.  If  the  virtual  temperature  gradient  had  been 
used  instead  of  the  actual  temperature  gradient  in  defining  E*,  the  values  of 
E*  would  have  been  reduced  by  a  few  percent. 

The  point  of  transition  from  forced  to  free  convection  can  also  be 
examined  by  investigating  the  temperature  profile  shape.  This  shape  charac¬ 
teristic  is  defined  by  the  following  expression: 

BT  pc  •"*  (16) 

z 

where  ,8=1  for  forced  convection 
e  4/3  for  free  convection 
=  2  for  natural  convection 

The  value  of  8  *  2  corresponds  to  the  shape  characteristic  predicted 
theoretically  by  Malkus  (1954)  and  observed  experimentally  in  the  laboratory 
by  Townsend  (1959)  for  pure  convection,  i.e.  no  horizontal  wind.  Townsend 
(1962)  introduces  the  term  natural  convection  for  this  regime  and  tries  to 
reconcile  the  laboratory  measurements  with  some  in  the  atmosphere  to  show 
that  at  a  large  instability  there  should  be  a  transition  from  a  regime  cf  free 
convection  (which  Townsend  prefers  to  call  mixed  convection)  to  one  of  natural 
convection.  He  estimates  that  this  transition  should  occur  at  Ri--1. 

The  tabulated  temperature-profile  data  referred  to  previously  was  used 
to  obtain  a  temperature  gradient,  by  the  method  of  finite  differences,  at  37.5 
cm,  75  cm,  and  150  cm  above  the  ground.  These  values  were  plotted  versus 
height  on  log-log  paper  and  8  determined  graphically  from  a  straight  line  of 
best  fit  drawn  through  the  data  points.  These  values  of  0  are  plotted  as  a 
function  of  -Ri  at  75  cm  in  Figure  V-2.  The  solid  lines  are  the  predicted 
lines  of  0  *  1  and  0  *  4/3  and  the  dashed  lines  are  logarithmic  regression 
lines,  with  assumed  zero  slope  fitted  to  the  data.  These  give  0  -  1.05  in 
the  forced  convection  regime  and  0  *  1.29  in  the  free  convection  regime. 
There  is  no  indication  of  a  transition  to  a  value  of  2  at  Ri  ^  -1.  The  difference 
between  the  observed  and  predicted  forms  of  0  in  the  free  and  forced 
convection  regime  is  not  significant.  The  use  of  ,?  to  characterize  the 
transition  between  the  different  regimes  of  turbulence  is  more  subject  to 
errors  than  the  use  of  H*  or  E*  because  it  is  essentially  the  second 
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derivative  of  temperature  with  respect  to  height. 
Townsend  (1962)  also  suggested  that 


H*OC 


Ri 


+  1 


(17) 


in  the  regime  of  natural  convection.  Priestley’s  (1959)  H*  data  only  extends 
to  a  Ri  3  -.7,  but  the  E*  data  in  this  paper  show  no  evidence  of  a  regime  of 
natural  convection  for  -Ri  as  large  as  2  (see  Figure  V-l  again). 

Under  the  stable  conditions  (+  Ri)  in  Figure  V-l,  it  appears  that  the 
regime  of  forced  convection  extends  past  Ri  —  |.02  |  which  is  the  limiting 
point  for  unstable  conditions.  As  the  Richardson  numbers  increase  posi¬ 
tively,  finally  a  value  is  reached  at  which  turbulence  begins  to  decay. 
Townsend  (1957)  and  Ellison  (1957)  have  estimated  the  value  of  this  lower 
critical  Richardson  number  to  be  about  .1.  At  this  point  turbulence  begins 
to  decay,  but  the  flow  is  still  turbulent.  Finally,  an  upper-critical  Richard¬ 
son  number  is  reached  that  characterizes  the  flow  after  the  decay  has  been 
completed.  This  upper-critical  Richardson  number  cannot  be  estimated 
theoretically  without  taking  into  account  molecular  effects.  This  has  not 
been  done.  However,  Businger  (1959)  reports  some  observations  of  a  wind- 
profile  shape,  similar  to  $  above,  as  a  function  of  Ri  which  suggests  a 
marked  change  in  the  character  of  the  flow  at  Ri  -  .20.  Townsend  (1957) 
reports  laboratory  observations  of  a  complete  decay  of  turbulent  mixing 
at  Ri  =  .3.  Extensive  scintillation  measurements  over  long  path  lengths 
reported  by  Portman,  Elder,  Ryznar,  and  Noble  (1962)  also  indicate  a 
marked  change  in  the  character  of  the  flow  at  Ri  -  .35.  Thus  it  is  hypothe¬ 
sized,  in  extending  the  solid  curve  in  Figure  V-l  past  Ri  .03,  that  the 
forced  convection  regime  for  stable  conditions  extends  to  Ri  St  .1  and  then 

decreases  rapidly  to  the  value  of  E*  appropriate  for  molecular  diffusion 

-4 

of  water  vapor  as  Ri-*+.35.  For  Ricr^  —  .35,  E*  is  of  the  order  of  10 
The  limited  data  under  large  positive  Richardson  number  suggest  that  this 
picture  of  the  behavior  of  £*  may  be  correct  but  certainly  no  definite  con¬ 
clusions  can  be  reached. 
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CONCLUSIONS 

The  eddy  diffusivity  for  water  vapor  varies  with  the  local  Richardson 
number  in  exactly  the  same  way  as  does  the  eddy  conductivity  for  sensible 
heat  through  the  forced-  and  free- convection  regimes.  This  result  is  in 
direct  contradiction  to  the  results  reported  by  Pasquill  (1949b).  The  explana¬ 
tion  may  be  that  his  evaporative  and  sensible  heat  fluxes,  which  were  deter¬ 
mined  from  repeated  weighing  of  small  moist  soil  containers  and  the  energy 
balance  approach  respectively,  were  not  as  accurate  as  the  flux  measurements 
used  in  this  paper  and  by  Priestley  (1959).  There  was  no  evidence  of  a 
natural  convection  regime  in  these  data,  which  extended  to  negative  Richard¬ 
son  numbers  as  large  as  2.  Evaporation  under  stable  conditions  has  been 
shown  to  decrease  rapidly  with  increasing  positive  Richardson  numbers. 

This  decrease  seems  to  be  consistent  with  some  estimates  of  the  Richard¬ 
son  numbers  characteristic  of  the  initiation  and  completion  of  turbulence 
decay. 

Once  having  established  the  form  of  E*  versus  Ri  for  both  stable  and 
unstable  conditions  (more  data  than  are  available  at  this  writing  should  be 
used),  this  approach  will  have  the  practical  usefulness  of  estimating  E  under 
all  extremes  of  stability  from  such  a  graph,  and  gradient  measurements  of 
wind,  temperature  and  moisture.  If  the  data  in  Figure  V-l  can  be  considered 
typical  for  Oavis,  the  importance  of  being  able  to  allow  for  extremes  of 
stability  in  estimating  E  from  gradient  data  is  obvious. 
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CHAPTER  VI 


BOUNDARY  LAYER  TRANSPORT  UNDER  CONDITIONS 
OF  SINUSOIDAL  DOWN  WIND  SURFACE  FLUXES 

H.  F.  Poppendiek 
SUMMARY 

This  paper  consider!  transport  in  the  atmospheric  boundary  layer  under 
the  condition  that  the  vertical  fluxes  at  the  earth  surface  vary  sinusoidally  in 
the  down  wind  direction.  An  idealised  transport  model  is  proposed  and  a 
corresponding  solution  derived.  The  results,  which  are  applicable  to  both 
heat  and  mass  transfer,  are  used  to  examine  a  specific  example.  The  solu¬ 
tion  is  also  compared  to  some  experimental  boundary  layer  temperature 
measurements . 

INTRODUCTION 

The  influence  of  non-uniform  heat  and  mass  flux  distributions  at  the 
air-ground  interface  on  the  corresponding  transport  processes  in  the  bound¬ 
ary  layer  requires  investigation.  For  example,  how  is  a  non-uniform  earth 
surface  temperature  distribution  in  the  down  wind  direction  reflected  in  the 
vertical  air  temperature  profiles?  If  vertical  convective  heat  fluxes  are 
being  measured  at  various  elevations  above  the  ground  at  a  given  station, 
what  variations  in  the  measurements  are  to  be  expected  under  these  condi¬ 
tions?  Some  attention  has  been  given  to  this  problem  in  the  literature. 

Philip*  has  presented  a  number  of  step  function  type  boundary  layer  diffusion 
problems.  Step  function  boundary  concentrations  and  fluxes  were  specified. 
Power  law  velocity  and  eddy  diffusivity  profiles  were  used.  The  analysis 
presented  in  the  present  report  differs  from  Philip’s  in  that  the  case  of  a 
periodic  or  sinusoidal  boundary  concentration  or  flux  is  considered.  A 
simplified  two-dimensional  transport  model  is  presented,  evaluated  and 
utilised  to  specify  the  prime  micrometeorlogical  variables  that  control 
this  problem. 


Philip,  J.  R.  "The  Theory  of  Local  Advection":  I,  Journal  of  Meteorology, 
Vol.  16,  No.  5,  pp  535-547,  Oct.  1959. 
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ANALYSIS 

Idealised  Sy»tem 

The  idealised,  two-dimeneional  heat  transport  model*  ia  defined  by  the 
following  postulates: 

1.  The  non-uniform  earth  surface  temperature  varies  sinusoidally 
in  the  direction  of  the  wind  velocity  (one  dimensional  variation). 

2.  The  wind  velocity  profile  is  uniform. 

3.  The  vertical  eddy  diffusivity  profile  is  uniform. 

4.  Lateral  eddy  transport  is  small  compared  to  lateral  convection. 

5.  Steady  state  exists. 

In  the  following  paragraphs,  this  model  is  used  to  derive  temperature  and  heat 
flux  solutions  for  an  atmospheric  boundary  layer  with  a  sinusoidal  heat  flux 
or  temperature  distribution  at  the  earth  surface.  In  a  later  section,  a  more 
refined  diffusion  model  is  considered. 

Derivation 

The  boundary  value  problem  to  be  solved  is  defined  by  the  following 
differential  and  boundary  equations: 


u 


3T 
3*  * 


3  2T 


3* 


(1) 


T  (s*o,x)  »  T'  cos  2  nx/x  +  T 
'  o  '  o  o 


(2) 


3T 

3* 


.x) 


(q/A)o 

YV 


(3) 


* 


This  model  and  the  subsequent  solution  also  apply  to  mass  transport  by 
making  the  usual  variable  changes. 
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where,  u,  uniform  wind  velocity 

T,  potential  temperature 

T'o,  amplitude  of  the  ainuaoidal  boundary  temperature 
distribution  in  the  down  wind  direction 
T  ,  mean  boundary  temperature 
x,  down  wind  position 

xq1  wave  length  of  the  sinusoidal  boundary  temperature  distribution 

s,  elevation  above  the  ground 

e  uniform  eddy  diffusivity  or  conductivity 

(q/A)o,  mean,  vertical  heat  flux  in  boundary  layer 

Y  air  density 

c  ,  air  heat  capacity 

P 

Equation  ( 1 )  is  the  well  known  transport  relation  including  the  idealisations 
described  previously  for  this  model.  Equation  (2)  defines  the  sinusoidal 
boundary  temperature  distribution  in  the  down  wind  direction.  Equation  (3) 
states  that  the  temperature  gradient  at  great  distances  above  the  boundary 
is  equal  to  the  mean  gradient  based  on  the  mean  vertical  heat  flux  in  the 
boundary  layer. 

It  can  be  shown  that  the  solution  of  Equations  (1),  (2)  and  (3)  is  equal 
to  the  sum  of  the  solutions  of  the  following  two  boundary  value  problems: 


Problem  1  ^2^, 

o.l _ J- 

Tj  (•  »  °-x)  *  T0 

BTj  (q/A)0 
T*-*  Ycpe 

Problem  2 

3T,  32T, 

- i.I  - _i 

*x  u 

T-(s  *  o,x)  ■  T'  cos  Zn  x 
i  o  - 

^  T2 

-  (S  ■  *  ,  X)  a  O 

3*  ' 


(4) 

(5) 

(6) 

(7) 

(8) 


(9) 
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The  subscript*  1  and  2  refer  to  problems  1  and  2,  respectively. 

Problem  1  represents  an  atmospheric  boundary  layer  with  a  uniform 
inter-face  temperature  or  heat  flux.  The  simple  temperature  solution*  is, 


T  «  T 

o 


(q/A> 


ycpe 


(10) 


Problem  2  represents  an  atmospheric  boundary  layer  with  a  sinusoidal 
boundary  temperature  distribution  in  the  down  wind  direction.  The  mean 
boundary  temperature  is  sero  and  the  temperature  gradient  at  great  distances 
above  the  boundary  is  also  equal  to  sero.  Equations  (7),  (8)  and  (9)  are  simi¬ 
lar  to  the  ones  for  the  classical  problem  of  periodic  heat  conduction  in  a  slab. 
The  solution  can  be  obtained  by  the  separation  of  variables  technique.  The 
resulting  complex  equation  is  reduced  to  a  real  function  to  satisfy  the  real 
periodic  boundary  condition  at  *  =  o, 

-B^ 

T»  T'o  e  °  cos  (2n  £  -B  £  )  (11) 


It  is  more  convenient  to  express  temperatures  and  vertical  heat  fluxes 
in  dimensionless  form.  The  dimensionless  temperature  equation  is 


T  *  e  _BZ  cos  (2n  X  -  BZ) 


(12) 


where, 


T  * 


T 

T~ 

o 


B 


A 


n  ux 


The  dimensionless  vertical  temperature  gradient  which  is  proportional  to  the 
vertical  convective  heat  flux  is. 


If  the  uniform  eddy  diffusivity  is  replaced  by  one  that  increases  linearly 
with  height  s,  the  classical  logarithmic  temperature  profile  is  obtained 
instead  of  the  simplified  linear  profile  (Equation  (10)  ). 
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TZ 


at 


Be 


-BZ 


cos(2*X  -  BZ)  -  ain(2  iZ 


(13) 


The  temperature  solution  to  the  boundary  value  problem  defined  by 
Equations  (1),  (2)  and  (3)  is  the  sum  of  the  temperature  solutions  given  by 
Equations  (10)  and  (11).  Thus  temperature  and  vertical  heat  flux  profiles 
for  an  atmospheric  boundary  layer  with  a  sinusoidal  boundary  temperature 
distribution  in  the  down  wind  direction  are  defined. 

RESULTS 

An  illustrative  example  depicting  temperature  and  vertical  heat  flux 
profiles  in  a  boundary  layer  with  a  sinusoidal  boundary  temperature  distri¬ 
bution  has  been  evaluated  for  neutral  stability  conditions  (  (q/A)Q  *  o  ).  The 
temperature  and  heat  flux  results  for  the  study  are  shown  in  Figures  VI- 1, 
VI-2  and  VI-3  for  the  specific  condition,  B  =  100.  Figure  VI-1  presents  pro¬ 
files  of  the  dimensionless  temperature,  T,  as  a  function  of  the  dimensionless 
vertical  and  down  wind  positions.  Similarly,  Figure  VI- 2  shows  profiles  of 
the  dimensionless  vertical  temperature  gradient,  3T/BZ.  Note  that  the 
contour  plumes  create  variable  vertical  temperature  and  heat  flux  profiles 
as  a  function  of  down  wind  position.  A  graph  of  the  ratio  of  the  vertical  heat 
flux  at  a  given  elevation  to  the  heat  flux  at  the  boundary  (denoted  as  Q)  can 
be  seen  in  Figure  VI- 3;  this  figure  shows  large  variations  in  vertical  heat 
flux  that  can  be  encountered  for  the  case  of  neutral  stability  in  a  boundary 
layer  with  a  periodic  earth  surface  temperature  distribution.  Such  variations 
become  significantly  smaller,  of  course,  for  stable  and  unstable  atmospheres 
(where  mean,  negative  or  positive  heat  fluxes  exist  in  the  boundary  layer). 
The  dimensionless  temperature  profiles  as  a  function  of  down  wind  position 
are  shown  in  Figure  VI-4  for  the  neutral  case. 
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Figure  VI-2.  Dimensionless  vertical  temperature  gradient  contours  (neutral  case  B  =  100). 
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CONCLUDING  REMARKS 

At  the  University  of  California  climatological  site,  Davis,  California, 
dry  bulb  temperature  profile  measurements*  were  made  over  a  large  grass 
field  with  down  wind  variations  in  temperature  and  humidity.  Typical 
measurements  are  shown  plotted  in  Figure  VI- 5.  It  was  not  possible  to 
specify  the  complete  boundary  temperature  distribution  for  the  field  and 


Tsmptrotura  in  *C 

Figure  VI-5.  Temperature  Profiles,  28  October  1961:  1500  -  1600  PST 

its  surroundings.  In  the  light  of  the  up  wind  variations  in  terrain  and  the  shapes 
of  the  experimental  temperature  profiles  in  Figure  VI-5,  it  is  felt  that  the 
boundary  temperature  distribution  may  be  approximated  by  a  cosine.  The 
mean  experimental  temperature  amplitude  decay  was  found  to  be  about  0.12 
at  a  height  of  310  cm.  The  wind  velocity  was  about  7.0  meters/sec  and  xq 

*  Brooks,  F.  A.,  Pruitt,  W.  O.,  Nielson,  D.  R.  and  Vaadia,  Y.,  “Investigation 
of  Energy  and  Mass  Transfers  Near  the  Ground  Including  the  Influences  of 
the  Soil- Plant- Atmospheric  System;’’  Second  Annual  Report  (Task  3  A99- 
27-005-08),  University  of  California,  Davis,  California,  Feb.  1962. 
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was  about  200  meters.  From  Vehrencamp's  shear-stress  measurements  over 
Grassland,  the  surface  stress  at  Davis  was  estimated  to  be  about  0.30  dynes/ 
cm2.  This  quantity  was  used  to  calculate  the  eddy  diffusivity  from  the  elemen¬ 
tary  relation, 


e 


K(s  +  zQ) 


(14) 


where,  1  , 
o 

boundary  layer  shear  stress 

P- 

mass  density  of  air 

K, 

Karman  constant 

V 

roughness  parameter 

2 

For  a  height  of  310  cm,  the  eddy  diffusivity  was  found  to  be  about  7000  ft  /hr. 

This  value  was  in  satisfactory  agreement  with  earlier  measurements  reported 

in  the  literature  under  somewhat  similar  conditions.  The  predicted  tempera- 

-BT 

ture  amplitude  reduction,  e"  ,  in  Equation  (11)  was  calculated  to  be  0.093  in 
comparison  to  the  experimental  value  of  0.12.  This  agreement  is  considered 
to  be  better  than  expected  because  the  actual  earth  surface  temperature  varia¬ 
tion  with  down  wind  position  is  only  approximately  periodic  in  character. 

The  elementary  boundary  layer  transport  model  described  in  this  report 
has  been  extended  to  include  variable  wind  velocities  and  eddy  diffusivities. 

A  temperature  solution  has  been  outlined  which  is  defined  by  a  height  dependent 
velocity, 
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INTRODUCTORY  MEASUREMENTS  OF  SHEAR-STRESS 
ACROSS  RYE  GRASS  SOD 

W.  B.  Goddard 

In  December  1962  a  series  of  micrometeorological  tests  were  conducted 
in  which  a  shear-stress  lysimeter  was  used  to  measure  air  drag.  The 
measurements  were  of  a  preliminary  nature  because  the  lysimeter  was  not 
yet  filled  with  soil.  However,  the  measurements  do  give  an  indication  of 
the  system’s  potential  and  are,  therefore,  worth  reporting. 

Description  of  Shear-Stress  Measuring  Equipment  -  December  1962 

The  lysimeter  was  in  floating  condition,  lacking  only  the  soil  and 
drainage  system.  This  stage  of  construction  permitted  its  use  as  a  shear- 
meter,  giving  the  opportunity  to  collect  preliminary  shear- stress  data  and 
allowing  a  study  of  the  system's  dynamic  response.  Note  that  at  that  time 
the  lysimeter  weighed  approximately  5,200  pounds  as  compared  to  a  final 
soil  filled  weight  of  105,000  pounds.  The  larger  weight  and  correspondingly 
higher  water  level  will  dampen  the  dynamic  response  somewhat  but  will 
not  alter  the  average  values  nor  change  the  basic  method  of  use. 

A  temporary  floor  was  constructed  and  covered  with  rye  grass  sod 
7  cm.  in  thickness.  The  sod  cover  was  obtained  from  the  field  site  and 
closely  approximated  the  surrounding  cover.  The  ground  surface  adjacent 
to  the  lysimeter  had  to  be  raised  3  l/2  cm.  to  match  the  height  of  the  float¬ 
ing  rye  grass.  This  surface  was  tapered  down  to  field  lever  over  an  out¬ 
ward  distance  of  one  meter  and  properly  sodded.  The  few  disturbed  areas 
near  the  lysimeter  were  leveled  and  also  covered  with  sod.  See  Figure 
VII- 1 . 

A  mast  was  erected  17  meters  east  of  the  lysimeter  with  a  Fries 
anemometer  at  the  15  meter  height.  The  wind  velocity  was  continuously 
recorded  on  a  20  pen  Esterline-Angus  recorder.  A  shear-stress  trans¬ 
ducer  was  especially  designed  and  built  for  the  tests.  It  consisted  of  a 
sight  read  jeweled  bearing  Starrett  dial  indicator  actuated  by  an  inter¬ 
changeable  spring.  The  dial  was  easily  read  to  .001  inches  and  had  a  one 
inch  travel.  A  vibrating  system  consisting  of  a  D.C.  relay  operated  on  1/2 
wave  A.C.  helped  overcome  static  friction.  Two  springs  were  made  to  fit 
the  device,  one  having  a  spring  constant  of  752  grms.  per  inch  and  the  other 
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Figure  VII- 1.  Shear-stress  lysimeter  design. 

of  2,685  grms.  per  inch.  It  was  found  that  during  the  test  wind  conditions 
allowed  us  to  use  the  lighter,  more  sensitive  spring.  See  Figure  VII-2. 
Shear-Stress  Lysimeter  Preliminary  Operation  Procedure. 

Visual  reading  of  the  shear- stress  transducer  was  accomplished  by 
using  a  standard  surveyor's  level  which  enabled  the  reader  to  be  about  8 
meters  across  wind  from  the  lysimeter.  The  transducer  was  placed  directly 
upwind  and  attached  by  a  light  string  to  a  5  inch  peg  fastened  in  the  middle 
of  the  lysimeter.  The  string  then  continued  downwind  to  the  outside  and  over 
a  light  pulley  where  a  50  grm.  counter-weight  was  hung.  The  counter -weight 
served  to  position  the  float  and  establish  a  positive,  non-moving  aero  reading. 
See  Figure  VII- 3. 


t 

Figure  VII-2.  Introductory  shear-stress  tranaducer. 


Figure  VII-3.  Field  aite  reading  of  introductory  ahear-streas  tranaducer.  The 
outlined  area  showa  the  rye  graaa  sod  on  the  floating  lysimeter. 
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Sampling  Procedure 

1.  Upwind  position  of  shear-stress  transducer  checked  and  vibrator  turned  on. 

2.  Distance  between  the  float  and  rim  checked  to  make  sure  the  float  was  free. 

3.  •  Sample  starting  time  recorded. 

4.  Readings  recorded  (at  least  25  per  sample  period). 

5.  Sample  stopping  time  recorded. 

6.  Float-rim  clearance  re-checked  and  vibrator  turned  off. 

The  sample  period  took  from  two  to  four  minutes  depending  on  the  dial 
fluctuations.  The  wind  velocity  record  was  continuously  timed  so  that  the 
sample  periods  and  wind  record  would  accurately  correspond.  Further  tests 
were  conducted  in  February  1963  using  the  same  transducer  design  but 
equipped  with  a  linear  differential  transformer  whose  output  monitored  the 
spring  movement.  These  tests  were  used  to  determine  the  overall  time  re¬ 
sponse  of  the  system.  Figure  VII-4  shows  a  section  of  the  output  record 
where  the  response  of  air  drag  with  a  change  in  wind  profile  occurs  during 
a  two  minute  period. 

Interpretation  of  Results 

Boundary  shear-stress  is  basic  to  any  mass  and  energy  transfer  across 
an  interface.  Its  role  is  of  major  importance  in  determining  the  friction 
velocity,  the  drag  coefficient,  and  the  Karman  constant.  Air  drag  together 
with  wind  velocity  profile  give  a  direct  method  for  determining  the  above 
coefficients. 

The  shear-stress  transducer  was  calibrated  both  before  and  after  the 
test,  and  its  converted  response  was  applied  to  the  average  of  the  25  or  more 
readings  taken  during  each  sampling  period.  The  transducer’s  response 
converted  to  air  drag  is  as  follows: 


T  =  spring  constant  x  average  reading  +  intercept 
lysimeter  area 


which  reduces  to 

t  =  2.4573  -  2.5268  x  average  reading,  dynes  per  cm 


2 


The  determination  of  coefficients  involving  shear- stress  and  wind 
velocity  necessitates  accurately  determining  the  time  interval  between  an 
increase  in  wind  velocity  and  the  resulting  increase  in  air  drag.  The  cause 
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and  effect  type  of  record  shown  in  Figure  VU-4  enabled  ua  to  establish  the 
time  delay  as  40  seconds. 

The  defining  formulas  used  in  calculating  the  following  coefficients  are: 


drag  coefficient  =  air  drag  force 

air  density  x  (wind  velocity  at  15  meters) 
where  the  air  density  is  taken  for  standard  atmosphere 

P  ~  .001293  grms./cm^ 

friction  velocity,  u*  =  (  air  drag  force  \ 

~  l  air  density  I 

drag  force,  wind  velocity  at  15  meters 


Figure  VII-4.  Shear-stress  transducer  output  record. 
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A  value  for  von  Karman'a  constant,  k  ,  was  calculated  for  each  shear 
meter  sampling  period  by  using  the  Thornthwaite  anemometer  wind  profile 
to  get  u,„  from  its  tangent.  Then  from  u^  from  the  shear  meter  a  value  of 
IT 

u  « 

ku  was  determined.  The  calculated  values  when  averaged  into  early  evening 
2015  to  2315,  late  evening  to  early  morning  2315  to  0545  and  late  morning 
0545  to  1145  ranged  from  .496  to  .465  to  .515  respectively.  This  appears 
to  show  a  rise  from  stability  change.  Friction  velocity,  drag  coefficient  and 
von  Karman  constant-are  listed  in  Tables  VII- 1  and  VII-2  for  13-14  December 
19&2.  These  results  compare  very  well  with  the  following  researchers: 


Researcher 

CD  with  meters 

Surface 

Poppendiek 

.0015 

disked  flat  ground 

Pasquill 

.0025 

uniform  grain  field 

Sheppard 

.005 

rough  row  cropland 

There  is  still  a  stability  correction  for  shear-stress  that  has  not  yet  been 
determined.  F.  A.  Brooks  believes  that  this  correction  will  be  in  the  order 
of  .2  for  strong  stability  and  3.0  for  strong  thermal  convection.  Using  the 
shear-meter  on  tests  covering  the  whol^  diurnal  cycle,  including  various 
climatic  conditions,  and  supported  by  the  usual  mass  and  energy  parameters 
measured  by  this  project,  many  hitherto  unanswered  questions  will  be  re¬ 
solved.  The  future  use  of  this  shear-meter  will  undoubtedly  help  put  our 
mass  and  energy  transfer  interpretations  on  a  more  firm  foundation. 
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Table  VII- 1.  Summary  of  introductory  shear-stress  measurements  for 
13-14  December  1962 

Date  Time  Wind  velocity  Shear-stress  Friction  Drag 


at  15  meters 
cm/sec 

dynes/cm^ 

velocity 
u#,  cm/sec 

coefficient 

CD 

12/13/62  1553 

458 

.9386 

27.0 

.0035 

1606 

454 

.9503 

27.1 

.0036 

1614 

378 

.9020 

26.4 

.0049 

1624 

420 

1.0342 

28.2 

.0045 

1635 

444 

1.1532 

29.9 

.0045 

1644 

444 

1.1305 

29.6 

.0044 

1648 

412 

1.1494 

29.8 

.0052 

2030 

435 

.6531 

22.4 

.0027 

2058 

355 

.5612 

20.8 

.0034 

2128 

325 

.4679 

19.0 

.0034 

2236 

400 

.5739 

21.0 

.0028 

2304 

310 

.3899 

17.4 

.0031 

2331 

298 

.3068 

15.4 

.0027 

12/14/62  0005 

368 

.4617 

18.9 

.0026 

0034 

340 

.3823 

17.2 

.0026 

0103 

355 

.4199 

18.0 

.0026 

0145 

298 

.3777 

17.1 

.0033 

0207 

270 

.3780 

17.1 

.0040 

0306 

330 

.6027 

21.6 

.0043 

0352 

355 

.4682 

19.0 

.0029 

0429 

355 

.5162 

20.0 

.0032 

0500 

546 

.5140 

20.0 

.0013 

0616 

330 

.4972 

19.6 

.0035 

0645 

245 

.2991 

15.2 

.0039 

0713 

220 

.2640 

14.3 

.0042 

0743 

268 

.3745 

17.0 

.0040 

0816 

355 

.5083 

18.8 

.0031 

0846 

325 

.6004 

21.5 

.0044 

0916 

268 

.3343 

16.1 

.0036 

0946 

245 

.2928 

15.0 

.0038 

1029 

220 

.4912 

19.5 

.0078 

mi 

210 

.2832 

14.8 

.0050 

1144 

145 

.0773 

7.7 

.0028 
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Table  VII-  2 
Date 


12/13/62 


12/14/62 


Summary-  of  introductory  shear- streaa  measurements  for 
12-13  December  1962  (including  non  Karman  constant) 

Time  Thornthwaite  von  Karman  constant 

anemometer 


cm/ sec 


2015 

58.7 

.388 

2045 

43.5 

.495 

2115 

33.1 

.596 

2145 

37.0 

.527 

2215 

36.5 

.562 

2245 

41.7 

.480 

2315 

38.3 

.431 

2345 

37.0 

.446 

0015 

37.8 

.483 

0045 

35.2 

.497 

0115 

45.6 

.389 

0145 

35.7 

.482 

0215 

34.8 

.510 

0245 

43.5 

.457 

0315 

38.3 

.549 

0345 

35.7 

.544 

0415 

51.3 

.385 

0445 

42.2 

.475 

0515 

46.5 

.430 

0545 

45.6 

.433 

0615 

40.0 

.487 

0645 

30.0 

.516 

0715 

23.9 

.617 

0745 

28.7 

.593 

0815 

45.2 

.421 

0845 

45.6 

.466 

0915 

35.1 

.456 

0945 

30.4 

.493 

1015 

28.3 

.645 
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Table  VII- 2.  Summary  of  introductory  shear-streaa  meaaurementa  for 

12-13  December  1962  (including  non  Karman  conatant)  (Continued) 


Time 


Thornthwaite 

anemometer 


von  Karman  conatant 


12/14/62 


cm/ aec 


Total 
Average  k 


15.826 

15.826  =  .495 


CHAPTER  VIII 


AUTOMATIC  DATA  RECORDING  SYSTEM 
F.  Lourence 

INTRODUCTION 

The  Automatic  Data  Recording  Syetem  ha*  been  in  operation  since  May 
of  1962  following  the  major  Syetem  modification  at  the  Electro  Instruments 
factory  in  San  Diego.  This  report  will  cover  four  areas  regarding  the  System 
with  the  first  being  the  accuracy  of  the  System  under  field  conditions.  The 
second  discussion  will  cover  the  reliability  of  the  System  over  the  past  year. 
The  third  topic  will  give  the  results  of  a  test  designed  to  check  the  Auto¬ 
matic  Data  Recording  System’s  ability  to  record  varying  input  signals.  The 
last  area  to  be  discussed  in  this  report  will  concern  the  D-C  preamplifier 
performance  in  the  System. 

SYSTEM  ACCURACY 

The  accuracy  of  the  Automatic  Data  Recording  System  has  been  of  vital 
concern  since  the  System  was  originally  designed  by  W.  T.  Kyle  in  I960.  In 
the  original  proposal  (First  Annual  Report,  1962,  p.  68),  the  minimum  System 
resolution  was  specified  as  10  microvolts  with  an  input  range  from  0  to  .9999 
volts.  The  maximum  error  was  given  as  +  20  microvolts.  When  the  decision 
to  use  thermocouples  as  the  basic  transducer  was  made,  the  System  required 
a  1  microvolt  resolution  with  an  absolute  accuracy  of  +  10  microvolts.  In 
order  for  the  Electro  Instruments’  equipment  of  the  System  to  measure  these 
low  level  signals  with  1  microvolt  resolution  and  the  required  accuracy,  the 
Digital  Voltmeter  had  to  be  operated  on  its  10  volt  range  with  the  D-C  pre¬ 
amplifier  on  a  gain  of  X  1000.  The  Crossbar  Scanner  Switch  had  to  be  opera¬ 
ted  on  a  3-wire  switching  mode  thus  reducing  the  number  of  inputs  from  the 
original  300  channels  to  200  channels. 

The  basic  voltage  calibration  procedures  set  forth  by  W.  T.  Kyle  re¬ 
quired  some  changes  in  order  to  provide  calibration  signals  known  to  1 
microvolt  absolute  accuracy.  The  basic  voltage  standard  of  the  calibration 
system  consists  of  two  N.B.S.  certified  Eppley  Unsaturated  Standard  Cells. 
One  microvolt  steps,  by  comparing  the  standard  cells  directly  to  the  6- 
decade  Kelvin-Varley  voltage  divider,  are  not  possible.  By  using  an  indirect 
comparison  method  by  a  voltage  dividing  circuit  comprised  of  accurately 
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Figure  VIII- 1.  Calibrated  conetant  voltage  input. 


calibrated  reaiatora,  the  required  calibration  voltagea  traceable  to  N.B.S.  are 
poaaible.  The  following  aketch  ahowa  the  circuit  uaed. 


Stable  Voltage  Supply 


100,000  ohm  reference 
reaiator  (N.B.S.  traceable) 


C 

R_  s  1000.00  ohm  reference 

>  reaiator  (N.B.S.  traceable) 

— .. 


By  meaauring  the  potential  acroaa  (e^)  Rj  at  pointa  A  and  B  to  0.001% 
in  the  circuit,  the  voltage  potential  ^2)  acroaa  R£  at  pointa  C  and  D  may  be 
calculated  by  the  relationahip: 


el  R2 
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*2  ia  then  used  to  calibrate  the  6-decade  Kelvin-Varley  voltage  divider  which 
now  provides  it  with  1  microvolt  steps  in  the  last  decade.  The  method  is 
essentially  the  same  as  that  of  a  Lindeck  potentiometer.  The  greatest  diffi¬ 
culty  of  providing  accurate  calibration  voltages  at  these  low  level  potentials 
is  caused  primarily  by  the  presence  of  thermo-electric  potentials. 

From  the  major  run  made  in  December  of  1962,  the  means  and  vari¬ 
ances  of  the  fixed  voltage  inputs  and  the  shorted  channels  were  computed. 
Figure  VIII- 1  shows  how  four  channels  of  identical  fixed  voltages  were  read 
and  recorded  by  the  Automatic  Data  Recording  System  over  a  4  l/2-hour 
period.  Three  of  the  shorted  channels  are  listed  in  Table  VIII- 1,  and  in 
Table  VIII- 2  the  variances  of  the  fixed  voltage  channels  are  listed  over  the 
same  4  1/ 2- hour  period.  All  of  the  points  listed  represent  a  20- minute 
averaging  period.  The  adverse  variations  within  the  same  channels  and 
between  different  channels  with  time  is  caused  primarily  by  thermal- electric 
potentials  development  within  the  crossbar  scanner  unit.  The  high  vari¬ 
ances  of  channel  107  shown  in  Table  VIII- 2  are  typical  of  the  second  one 
hundred  channels  because  the  thermal- electric  potentials  are  greater  in 
the  second  one  hundred  channels  than  in  the  first  one  hundred.  The  thermal- 
electric  potentials  can  produce  as  much  as  6  microvolts  difference  on  the 
same  channel  and  between  different  channels  over  a  20-minute  period  of 
time.  This  6  microvolt  error  corresponds  to  a  0.1 5°C  difference  between 
thermocouple  inputs. 

Even  though  the  stray  thermal- electric  voltag<sr  are  within  the  +10 
microvolt  required  absolute  accuracy,  work  is  being  done  to  reduce  them 
to  a  minimum. 


££  _ F,  Lourence 

TABLE  VIII- 1.  SHORTED  INPUT  CHANNELS  -  20-MINUTE  MEANS,  Microvolt* 
Time _ Channel  1  Channel  21  Channel  109 


1800 

0.8 

4.6 

2.6 

1820 

1.0 

4.6 

3.0 

1840 

1.2 

4.8 

6.0 

1900 

1.2 

4.4 

6.2 

1920 

0.3 

3.5 

3.5 

1940 

1.1 

3.6 

3.8 

2000 

0.6 

3.6 

3.9 

2020 

0.8 

2.6 

4.8 

2040 

0.8 

3.0 

4.0 

2100 

1.8 

3.5 

4.0 

2120 

0.8 

2.6 

2.2 

2140 

3.0 

4.6 

4.0 

2200 

0.1 

4.0 

3.0 

2220 

2.0 

4.0 

3.6 

2240 

0.0 

5.0 

3.4 

TABLE  VIII- 2.  VARIANCES  FOR  FIXED  VOLTAGE  CHANNELS,  Microvolt* 


Time 

Channel  2 

Channel  3 

Channel  47 

Channel  107 

1800 

0.15 

0.75 

0.20 

4.20 

1820 

0.60 

1.30 

0.40 

4.20 

1840 

2.60  - 

2.40 

1.10 

5.40 

1900 

0.40 

1.20 

0.60 

6.50 

1920 

0.40 

1.90 

0.25 

8.50 

1940 

1.40 

1.25 

1.10 

9.60 

2000 

0.45 

1.40 

6.10 

8.48 

2020 

2.60 

3.10 

8.52 

9.10 

2040 

0.25 

1.40 

5.20 

8.75 

2100 

0.20 

1.78 

6.25 

8.60 

2120 

0.55 

0.90 

3.40 

6.50 

2140 

0.25 

0.20 

2.75 

4.50 
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SYSTEM  RELIABILITY 

The  Automatic  Data  Recording  Syatem  haa  shown  poor  reliability. 

Some  of  the  malfunctions  which  have  occurred  since  May  1962  are: 

1)  Occasionally  punched  cards  have  double  punches  occurring  in  the 
clock  time  and  scan  number  columns. 

2)  The  digital  clock  gained  time  at  the  rate  of  0.5  minutes  per  hour. 

3)  The  I.B.M.  punch  relays  interconnecting  some  signals  to  the  Electro 
Instruments  System  became  faulty  and  occasionally  caused  such  conditions 

as  digital  clock  stoppage  at  the  end  of  a  scan  cycle. 

Some  of  the  less  serious  malfunctions  which  have  occurred  and  have 
been  completely  repaired  are: 

1)  Resistors  in  the  scanner  control  unit  power  supply  failed. 

2)  The  parallel  output  control  unit  had  a  transistor  failure  in  its 
I.B.M.  punch  starting  circuitry. 

3)  The  digital  voltmeter  polarity  indicator  failed  due  to  faulty 
circuit  components. 

4)  The  I.B.M.  punch  failed  due  to  loose  connections. 

5)  The  parallel  output  control  unit  failed  due  to  faulty  solder  connections. 

6)  The  digital  printer  drive  clutch  spring  failed. 

7)  The  differential  amplifier  showed  instability  due  to  environmental 
warming.  The  unit  later  failed  completely  and  had  to  be  returned  to  the 
factory  for  repairs. 

This  shows  that  the  System’s  reliability  leaves  much  to  be  desired. 

It  was  irritating  to  find  that  a  good  portion  of  the  malfunctions  were  traced 
to  loose  or  poor  solder  connections.  As  a  possible  means  of  reducing  the 
number  of  malfunctions,  shock  mounts  have  been  placed  under  the  equipment 
racks,  and  the  System  is  operated  on  a  test- running  schedule  at  least  two 
hours  per  week  in  order  to  prevent  relay  contacts  and  connectors  from 
corroding  from  lack  of  continual  use. 

DATA  RECORDING  SYSTEM  RESPONSE  TO  VARYING  VOLTAGE  INPUTS 

All  of  the  field  transducers’  outputs  change  in  emf  over  a  given  time 
period.  A  test  was  designed  to  determine  two  characteristics  of  the  Auto¬ 
matic  Data  Recording  System’s  ability  to  measure  and  record  changing 
potentials.  The  test  first  determined  the  largest  change  in  applied  emf 
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over  a  period  of  time  that  the  System  could  successfully  record.  Secondly, 
the  test  established  the  tracking  accuracy  on  a  changing  potential. 

A  low  frequency  signal  generator  was  used  to  provide  an  input  to  the 
System  in  the  form  of  a  triangle  wave.  Figure  VIII- 2  shows  the  readings 
recorded  by  the  System.  The  System  recorded  without  any  forced  prints 
a  triangle  wave  form  that  was  changing  at  the  rate  of  50  microvolts  per 


second.  This  was  with  the  D-C  preamplifier  in  the  circuit  on  a  gain  of  X 
1000,  and  voltmeter  sensitivity  control  at  80%  of  maximum.  With  the  pre¬ 
amplifier  on  X  1000,  the  digital  voltmeter  actually  was  presented  with  a 
signal  changing  at  the  rate  of  50  millivolts  per  second.  When  the  digital 
voltmeter  had  a  triangle  wave  applied  to  it  directly,  i.e.  without  the  pre¬ 
amplifier,  it  would  successfully  record  a  potential  changing  at  the  rate  of 
3  volts  per  second.  Thus  the  D-C  amplifier  causes  a  considerable  reduc¬ 
tion  on  the  digital  voltmeter’s  ability  to  null  on  a  changing  potential. 

The  tracking  accuracy  of  the  System  with  a  50  microvolt  per  second 
signal  applied  is  shown  in  Figure  VIII- 3.  The  tracking  accuracy  was 
completely  satisfactory  with  never  more  than  about  2  microvolts  deviation 
from  the  mean  of  the  continually  changing  input  triangular  wave. 
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Figure  VIII- 3.  Ability  of  the  system  to  track  on  a  changing  signal. 

An  additional  test  was  made  applying  a  sine  wave  signal  instead  of  a 
triangular  wave.  The  digital  voltmeter  was  able  to  null  on  the  peaks  of  the 
sine  wave  when  the  signal  had  10  times  the  frequency  of  the  corresponding 
triangular  wave  form. 

Another  characteristic  that  the  digital  voltmeter  exhibited  during  the 
tests  was  that  it  could  null  a  decreasing  potential  changing  at  the  rate  of 
120  microvolts  per  second  while  a  null  could  not  be  achieved  on  an  increas¬ 
ing  potential  changing  more  than  50  microvolts  per  second.  This  character¬ 
istic  is  due  to  the  inherent  searching  pattern  of  digital  voltmeter. 

THE  AUTOMATIC  DATA  RECORDING  SYSTEM  D-C  PREAMPLIFIER 

The  D-C  preamplifier  required  a  gain  of  X  10  in  W.T.  Kyle’s  original 
design,  but  in  order  to  provide  1  microvolt  resolution,  the  required  gain 
was  increased  to  X  1000.  This  modification  was  made  in  the  major  System 
modification  at  the  San  Diego  Electro  Instruments  factory.  In  addition, 
input  and  output  R-C  filters  were  installed  in  the  preamplifier’s  input  and 
output. 

The  purpose  of  the  input  and  output  filters  is  to  filter  the  spurious 
noise  that  becomes  amplified  at  the  high  levels  of  amplifier  gain.  Errors 
in  measuring  voltage  potential  can  result  from  the  effects  of  the  capacitors 
in  the  filter  networks  not  being  allowed  to  charge  or  discharge  fully  in 


Figure  VIII-4.  Digital  voltmeter  sensitivity  control  set  at  75%  of  maximum. 


Figure  VIII-5.  Digital  voltmeter  sensitivity  control  set  at  90%  of  maximum. 

166 


Automatic  Data  Recording  System 


167 


going  from  one  channel  to  another.  Theae  “carry  over”  effects  are  especially 
noticeable  whenever  there  are  large  voltage  changes  between  sequential 
channels  being  scanned,  and  when  the  digital  voltmeter  does  not  have  its 
sensitivity  control  turned  to  as  near  maximum  as  possible.  Figure  VIII-4 
shows  the  effects  of  the  capacitor  “carry-over”  effect  on  a  typical  scam 
covering  12  channels.  The  digital  voltmeter  sensitivity  control  was  increased 
in  the  plot  shown  in  Figure  VIII- 5  covering  the  same  12  channels.  The 
first  reading  of  each  group  of  identical  inputs  is  within  tolerance  of  the 
final  reading  of  the  group,  but  the  System  speed  suffers  as  the  result  of 
increasing  the  voltmeter  sensitivity  by  20%,  i.e.  the  rate  of  scanning  is 
reduced  from  100  channels  per  minute  to  about  80  channels  per  minute. 

The  Electro  Instruments  A- 16  D-C  preamplifier  displayed  instability 
in  operation  whenever  the  amplifier  temperature  rose  to  greater  than  35°C. 
Shortly  after  this  condition  was  noticed,  the  unit  had  a  major  malfunction. 
Meanwhile  another  D-C  amplifier  was  borrowed  from  Cohu  Electronics.  The 
borrowed  amplifier  was  found  to  operate  more  satisfactorily  than  the  Electro 
Instruments  A- 16  amplifier.  The  borrowed  amplifier  was  of  a  narrow-band 
type  as  opposed  to  the  A- 16  wide-band  unit.  For  a  low-frequency  D-C  system 
there  is  little  need  for  a  wide-band  D-C  amplifier.  Much  of  the  spurious 
higher  frequency  electrical  noise  is  not  allowed  to  pass  the  narrow-band 
amplifier’s  band-pass  characteristic.  Using  the  narrow-band -pass  amplifier, 
transducers  with  input  impedances  up  to  10,000  could  be  measured  and 
recorded,  something  that  the  System  has  not  previously  been  able  to  do. 

The  Cohu  Kin  Tel  114C  narrow-band  differential  amplifier  showed 
that  it  could  produce  a  system  speed  of  90  channels  per  minute  on  field 
transducers  with  the  digital  voltmeter  sensitivity  control  at  a  higher  setting 
than  that  of  the  Electro  Instrument’s  amplifier.  The  Electro  Instrument’s 
amplifier  produced  a  system  speed  of  80  channels  per  minute  on  the  same 
transducers.  The  114C  amplifier  was  purchased  for  the  System  in 
December  1962. 


CHAPTER  IX 


DATA  PROCESSING  AND  COMPUTER  PROGRAMMING* 
F.  A.  Brook*  and  F.  V.  Jones 


To  go  beyond  the  usual  limits  of  personal  analysis  of  the  micrometeoro- 
logical  complex,  it  is  essential  to  record  and  process  the  extensive  research 
data  automatically.  Only  as  a  first  step  are  the  observations  from  4  or  more 
masts  simplified  to  single  horisontal  mean  magnitudes  from  which  central 
vertical  profiles  are  constructed.  The  next  requirement  calls  for  interpre¬ 
tation  of  horisontal  differences  as  in  advection  studies  anticipated  by  Brooks 
(1961)  and  by  Poppendiek  in  Chapter  VI  of  this  report.  Difference  studies 
require  much  finer  accuracy  than  mean  profiles  and  in  the  naturally  highly 
variable  outdoor  conditions  this  calls  for  time  smoothing  of  means,  each 
composed  of  many  repetitive  measurements.  In  writing  the  programs  for 
the  automatic  computer,  therefore,  a  completely  corrected  tape  with  no 
omissions  is  essential.  The  various  procedures  to  create  this  tape  from 
punched  cards  having  various  errors  and  omissions  is  described  below. 

A  series  of  computer  programs  has  been  developed  to  process  the  basic 
data  acquired  primarily  through  the  use  of  the  Electro  Instrument  digital 
system.  Certain  other  data,  recorded  on  continuous  strip  charts  or  recorded 
by  hand,  will  also  enter  the  system  via  key  punched  Hollerith  cards.  At 
present  the  IBM  1410  of  the  University  of  California,  Davis,  Computer  Center 
is  used  by  the  project.  A  40K  IBM  1710  computer  system  is  also  available. 
Plans  for  expansion  of  the  Computer  Center  facilities  include  the  replacement 
of  the  IBM  1410  with  an  IBM  7040  computer.  These  changes  will  take  place 
in  the  fall  of  1963.  Some  reprogramming  will  be  required  to  match  this  new 
facility  configuration. 

Editing  and  Error  Checking  of  Original  Punched  Card  Data.  Unavoidable 
electronic  noise  plus  various  malfunctions  in  the  acquisition  system  require 
thorough  screening  of  the  crude  data  before  its  use  in  automatic  analysis. 
So-called  errors  or  “bad’’  data  fall  into  the  following  categories  and  cor¬ 
rection  or  rejection  is  accomplished  at  present  in  subsequent  programs: 

1.  Bad  Scan:  Flagged  with  a  sign  preceding  scan  number  field. 

Produced  by  a  numeric  double  punch  which  cannot  be  read  by  the 
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computer;  usually  coming  from  occasional  excessive  electronic  noiQe. 

2.  Bad  Card:  Flagged  with  a  sign  preceding  ''.ard  time  field.  These 
are  blanks,  skips,  or  multiple  punches  in  individual  readings  or 
scan  times. 

3.  Duplicate  Scan:  Last  value  accepted  and  counted. 

4.  Skipped  Scans:  Occasionally  the  E.I.  equipment  will  skip  a  scan 
number  and  its  data.  Such  a  skip  results  in  a  piece  of  missing  data. 
However,  this  does  not  cause  erroneous  readings  or  computational 
errors.  The  results  are  affected  only  to  the  extent  of  a  smaller 
count  and  reduced  amount  of  data. 

5.  Out- of- sequence  Scan  Number:  Rejected.  Sometimes  a  spurious 
digit  appears,  usually  in  the  second-order  position. 

6.  Out-of-sequence  Time:  Rejected.  These  come  usually  from  erratic 
clock  signals,  but  occasionally  are  due  to  misfiled -cards. 

7.  Multiple  Time  Punches:  Rejected.  Clock  stops  occasionally  while 
recording  of  data  continues. 

8.  Time  greater  than  24  hours:  Rejected. 

9.  Incorrect  polarity:  Absolute  value  accepted  for  temperatures  re¬ 
gardless  of  polarity;  polarity  as  recorded  accepted  for  other 
variables . 

10.  Wild  Data:  Occasionally  an  erroneous  digit  appears  in  the  data  field 
resulting  in  extremely  high  or  low  readings.  Even  though  completely 
outside  the  acceptable  range  these  are  included  in  first  calculations. 
To  judge  the  performance  of  data  acquisition  system,  the  above  errors  are 

counted  and  listed  for  each  mean  period. 

Card-to-tape  Conversion  (Program  #1).  The  primary  purposes  of  this 
program  are  (1)  to  convert  the  E-I  output  to  tape  media  for  higher  input 
speed  and  condensed  storage  and  (2)  to  edit  the  data  for  errors  of  type  1  and  2. 

As  noted  in  the  discussion  of  type  2  errors,  a  single  piece  of  bad  data 
of  this  type  results  in  the  rejection  of  all  other  scans  on  the  card,  9  of  which 
might  be  good.  In  reprogramming  using  the  “Column  Binary”  reading  capa¬ 
bility  of  the  IBM  1410,  only  the  one  piece  of  objectionable  data  would  be  re¬ 
jected.  Several  other  types  of  card  errors  can  also  be  eliminated  in  new 
programs,  such  as  cards  with  “good”  time  fields  and  first  data  fields  but 
with  all  following  fields  blank.  Some  of  these  are  now  accepted  in  subsequent 
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processing  and  are  counted  into  sums  used  to  calculate  means,  variances,  and 
standard  deviations.  In  converting  from  cards  to  tape,  Program  #1  provides 
a  detailed  listing  of  all  card  records  for  initial  inspection  to  trace  errors  and 
permit  error  analysis. 

Calculation  of  Means  and  Variances  (Program  #2).  While  quite  similar 
to  the  previous  computer  program  used  to  calculate  means  and  variances,  the 
new  program  serves  several  other  purposes.  The  editing  function  eliminates 
erroneous  data  from  the  computation  and  provides  counts  of  the  aforementioned 
errors.  Options  have  been  provided  to  select  10-,  20- ,  or  30-minute  time 
periods  for  calculation  of  the  means.  A  simple  technique  has  been  developed 
to  check  all  readings  against  a  moving  reference  (the  mean  of  the  immediately 
preceding  time  period),  using  appropriate  criterion  for  rejection  of  “wild” 
items.  The  scope  na a  been  expanded  to  accept  as  many  as  10  masts  plus  an 
increased  number  of  scan  points.  The  output  of  this  program  is  (1)  a  listing 
with  appropriate  headings  for  greater  clarity  and  (2)  a  working  file  of  mag¬ 
netic  tape  instead  of  punched  cards.  The  tape  increases  input  speed  and  saves 
on  storage  space. 

Interpolation.  Because  of  missing  data  needed  to  be  filled  in  for  any 
smoothing  operation  or  because  of  rejected  “wild”  readings  in  the  initial 
computations,  an  interpolation  procedure  is  needed.  Such  erroneous  readings 
are  readily  detected  since  they  tend  to  make  the  mean  deviate  considerably 
from  adjacent  means,  and  their  variance  is  extreme.  In  simple  cases  linear 
interpolation  timewise  is  used.  When,  however,  the  missing  data  are  in  a 
curved  section,  parabolic  interpolation  is  calculated  or  else  an  average  is 
used  based  on  simultaneous  changes  at  several  levels,  a  rigid  procedure 
being  followed  to  avoid  personal  bias.  Need  for  this  interpolation  will  be 
greatly  reduced,  if  not  entirely  eliminated,  using  the  technique  described 
above  in  the  mean  and  variance  program. 

Smoothing  Techniques  (Program  #3).  As  mentioned  previously,  natural 
eddy  parcel  variations  and  occasional  gusts  of  air  of  different  physical 
qualities  make  it  impossible  for  a  nearly  instantaneous  vertical  series  of 
measurements,  no  matter  how  precise,  to  provide  a  profile  useful  for  close 
analytical  interpretation.  We  usually  assume  that  vertical  rates  are  con¬ 
stant  with  height.  There  are,  however,  continual  and  fluctuating  transfers 
in  all  directions  between  various -sited  air  parcels  which  are  meaningful 
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only  in  their  average  effect*  over  diacrete  interval*  of  time.  Furthermore, 
during  period*  of  rapid  change  aa,  for  instance,  at  sunrise,  the  conditions 
at  the  bottom  of  a  mast  change  measurably  within  the  time  interval  required 
to  scan  the  transducers  upwards  on  two  masts.  Therefore,  our  scan  schedule 
also  calls  for  downward  scans  in  reverse  order  so  that  in  each  roundtrip  all 
the  observations  will  average,  at  one  design  instant  (Fig.  IX- 1),  very  near 
the  center  of  a  few  slow-changing  observations. 

Two  procedures  have  been  used  for  time  smoothing  of  observations 
centered  on  2-minute  and  4-minute  scan  sequences.  Fourier  harmonic 
smoothing  was  used  for  the  flux  measurements  reporting  the  1961  tests. 

This  powerful  technique  organises  all  observations  (up  to  720  per  cycle) 
into  a  few  major  harmonic  cycles  and  is  most  useful  in  preserving  the  full 
noontime  maxima  in  the  diurnal  cycles  of  radiation  and  evapotranspiration. 

To  avoid  the  higher  harmonics  which  induce  spurious  oscillation  in  deriva¬ 
tive  curves,  the  24-hour  day  was  analysed  in  two  halves  discontinuous  at 
sunrise  and  sunset.  This  year,  to  provide  continuous,  smoothed  curves 
through  these  two  periods  of  rapid  changes  in  the  4-component  energy  bal¬ 
ance,  S-  and  9-point  parabolic  smoothing  has  been  applied  to  arithmetric 
averages  of  successive  30-  or  20-minute  periods  respectively.  The  smooth¬ 
ing  procedure  by  fourth  differences  has  been  used  as  described  by  Lanczos 
(1956).  This  technique  is  the  least  squares  parabola  counterpart  of  the 
French-curve  graphical  smoothing  by  eye.  The  example  for  temperature 
data  (see  Chapter  I,  Fig.  1-8)  used  5-point  smoothing  (2k+l  where  k  B  2 
neighbors  to  the  point  being  smoothed),  but  the  program  has  been  generalized 
to  permit  the  option  of  7-,  9-  and  more  points  (k  =  3,4  and  n).  This  pro¬ 
cedure  has  been  applied  rigorously  to  velocity,  temperature  and  humidity 
observations  at  each  level  in  order  to  reduce  scatter  before  the  vertical 
profiles  are  automatically  determined  as  curved  logarithmic  regression 
lines  suiting  equations  7  in  Table  II- 2. 

The  most  difficult  mechanical  smoothing  procedure  concerns  the 
weight-loss  of  the  lysimeter  which  automatically  prints  the  weight  of  the 
50-ton  soil  sample  every  4  minutes  to  a  least  measurement  of  2  pounds  or 
about  1  per  cent  of  total  daily  loss.  If  a  continuing  running  mean  difference 
is  used  instead  of  first  derivative  of  a  smoothed  curve,  the  single  change  of 
2  pounds  on  a  quiet  night  with  nearly  zero  loss  will  appear  over  a  time 
period  twice  the  time  interval  of  the  running  mean.  This  sudden  hump  in  the 
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curve  of  evaporation  rate  then  haa  to  be  smoothed  in  a  aubaequent  calculation. 
Thua  to  follow  rapid  changea  near  aunriae  yet  amooth  out  widely  apaced 
nocturnal  reaponae  and  normal  daytime  acatter,  the  compoaite-day  weight- 
loss  record  for  28-29  October  1961  ahown  in  Fig.  1-6  waa  proceaaed  aa 
follows.  First,  an  overlapping  linear  average  over  9  points  waa  made  on 
20-minute  centers  (mainly  to  reduce  irregular  readings  due  to  wind  gusts). 
Secondly,  this  continuous  sequence  of  20- minute  means  was  smoothed  by  the 
9-point  parabolic  technique  which  weights  the  center  point  by  the  constant 
702  and  the  radially  neighboring  points  by  the  constants  648,  468,  168,  and 
-252  with  a  constant  diviaor  of  2772.  Linear  differences  were  then  taken 
between  the  smoothed  means  spanning  the  centerpoint  plus  and  minus  20 
minutes.  This  follows  the  common  practice  of  using  the  finite  difference 
over  plus  and  minus  one  interval  to  represent  the  derivative  at  the  center 
point.  Then  the  9-point  parabolic  smoothing  is  applied  to  these  differences 
(rates)  to  determine  the  smoothed  evapotranspiration  rate  curve  of  72 
points  for  the  24  hours.  Verification  is  possible  in  reverse  by  integrating 
the  evaporation  rates  over  the  72  intervals  and  comparing  with  the  known 
total  weight  loss  in  the  24  hours. 

The  whole  essence  of  any  rigorous  smoothing  procedure  is  to  use  the 
same  mathematical  smoothing  technique  and  the  same  time  spans  for  all 
the  micro-meteorological  factors  so  that  with  the  same  degree  of  time 
smoothing  the  time  lags  relating  to  significant  perturbations  will  not  be 
altered.  This  concept  is  inherent  in  Fourier  harmonic  analysis,  and  we 
believe  has  been  retained  in  the  continuous  smoothing  procedures  described 
above. 

Data  Transfer  and  Conversion  Programs.  These  are  intended  to  provide 
convenience  in  manipulation  and  processing  of  selected  portions  of  the  data 
as  well  as  converting  from  microvoltages  to  dimensional  units.  Three  types 
of  programs  are  used: 

(a)  Data  Transfer  (Program  #4)  permits  any  set  of  scan  numbers  and 
associated  readings  to  be  rapidly  extracted  from  the  master  data  tape  (output 
of  program  1)  and  transferred  to  another  tape  for  subsequent  processing. 

This  results  in  reduced  main  frame  computer  time. 

(b)  Tape-to-Card  Conversion  (Program  #5)  permits  the  use  of  cards  for 
small  segments  of  data  which  are  to  be  given  specific  study  or  can  be  more 
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Figure  IX- 1,  Scanning  Schedule  For  Transducers  to  Center  in  Middle  of  Each 
Round-Trip,  13- 14  December  1963. 


174 


Data  Processing  and  Computing  Programming 


175 


readily  and  leaa  expensively  handled  by  aome  type  of  off-line  proceaaing. 

(c)  Dimensional  Conversion  (Program  #6).  All  computationa  are  made 
in  microvolt  units.  The  last  program  applies  the  necessary  converaion  con¬ 
stants  and  fortnulae  to  convert  to  the  true  dimensional  units.  An  additional 
function  is  that  of  format  control  to  prepare  final  tabulated  copy  for  publication. 

Vertical  Profiles  (Program  #7).  This  program  employs  a  curvilinear 
regression  fit  to  the  logarithmic  gradient  and  square  root  functions  of  z 
(height  above  soil  surface)  for  velocity,  temperature,  and  moisture.  The 
basic  formulae  (see  Table  II- 2)  are  reduced  to  a  more  computable  form  for 
input  to  the  program  and  the  2  3  an<*  ^12  3  ca^cu^ate<^  from  the  regression 
coefficients.  The  formula  for  velocity  takes  the  form: 

u,,,  =  $  jin  z*  -  3j  In  zQ  -  2  b  j  \j  z' 

The  program,  prepared  by  Walter  Mara  of  the  Computer  Center,  is  one 
of  several  new  library  programs  used  by  the  Center.  The  logarithms  and 
square  roots  of  z'  (  «=  z-d)  are  computed  and  punched  into  a  deck  of  cards 
for  input  to  this  program. 

Comments  regarding  the  acceptability  of  the  results  of  this  approach 
at  this  stage  are  included  in  Chapter  II. 

CONCLUSION 

Without  automatic  data  processing  and  computing  the  scope  of  this 
complex  research  project  would  have  to  be  severely  reduced.  The  auto¬ 
matic  interpretation  obtains  higher  reliability  from  experimental  observa¬ 
tions  by  its  capacity  to  use  larger  samples  of  all  factors  of  the  environment 
than  would  be  possible  in  conventional  procedures.  Furthermore,  the 
vagueness  due  to  natural  irregularity  can  be  largely  eliminated  by  consistent 
machine  smoothing  of  data.  This  permits  close  comparisons  of  natural 
phenomena  in  magnitude,  rate  of  change  and  timing. 
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CHAPTER  X 


CALCULATING  EVAPORATION  FROM  DIFFUSIVE  RESISTANCES 

J,  L.  Monteith 


Theoretical 

Assuming  that  the  flux  of  water  vapour  above  a  surface  ia  constant 
with  height  the  surface  evaporation  rate  is 


E  = -K(*m/a*  =  (x0  -  *)/ra  (1) 

where  XQ  and  X  are  the  water  vapour  concentration  (g/cm  )  at  the  surface  and 

at  a  convenient  height  z,  and  the  diffusive  resistance  r  (sec/cm)  is  a  simple 

*  2 

function  of  the  diffusive  coefficient  for  water  vapour  K  (cm  /sec)  integrated 
between  the  surface  and  z.  Similarly,  the  upward  flux  of  sensible  heat  C, 
in  the  regime  of  forced  convection  is 


C-  P«p  (T0  -  T)/i,  • 


(2) 


where  r  is  the  appropriate  resistance  for  heat  transfer  and  pc  is  the 
a  3  p 

volume  thermal  capacity  of  air  (cal/cm  ).  The  surface  concentrations  Xq 
and  Tq  cannot  normally  be  measured,  but  can  be  eliminated  from  equations 
(1)  and  (2)  as  shown  by  Penman  (1953),  introducing  a  third  equation  for  the 
heat  balance  of  the  surface  and  a  quantity  that  specifies  its  “effective  wet¬ 
ness”  by  relating  XQ  to  Tq.  An  appropriate  surface  parameter  (sec/cm) 
can  be  found  from  the  evaporation  rate  and  the  saturation  deficit  at  the 
surface,  writing 


E.(x*(T0)-x0Vr, 


(3) 


where  the  star  denotes  saturation  at  T  .  In  the  special  case  of  transpiring 
vegetation,  with  leaf  temperature  Tq,  x*(Tq)  i«  the  concentration  of  water 
vapour  within  sub-stomatal  cavities;  XQ  is  the  concentration  at  leaf  surfaces; 
and  r  #  defined  by  equation  (3)  is  a  stomatal  resistance.  This  concept  of 
stomatal  resistance  is  fundamental  to  an  understanding  of  the  balance  be¬ 
tween  weather  and  soil-plant  factors  in  determining  crop  evaporation. 
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If  R  is  net  radiation  and  G  soil  heat  storage  (both  in  cal  cm"  per  unit 
time)  and  a  is  the  latent  heat  of  evaporation  (  =  580  cal/g)  the  heat  balance  of 
the  surface  is 

R=C+aE  +  G  (4) 

and  following  Penman’s  analysis  it  can  be  shown  that  the  elimination  of  T 

o 

and  X  from  equations  (1)  to  (4)  gives 


A  E  = 


AR  +  y  A(x*(T)-x)/ra' 


*  +  Y  {ra  +  rs,/ra' 

where  A  is  the  slope  of  the  saturation  vapour  pressure  curve  evaluated  at  the 
wet  bulb  temperature  and  Y  is  the  psychrometer  constant  in  the  same  units. 
By  differentiating  equation  (5)  with  respect  to  r^"1  and  assuming  that  r^  /rfc 
is  constant,  it  can  be  shown  that  the  evaporation  rate  will  be  independent  of 
r^,  and  hence  of  wind  speed  and  surface  roughness,  when 


R=  A  (x*(T)  -  x)  (A+y)/drB  (6) 

Substituting  for  R  in  equation  (5)  it  can  be  shown  that  the  Bowen  ratio 
assumes  the  value 

C/AE=  y/A  (7) 

As  a  useful  corollory  to  be  exploited  later,  when  equation  (7)  is  satisfied, 
stomatal  resistance  can  be  found  from  equation  (6)  without  knowing  the  value 
of  r  , 

3L 

In  adiabatic  conditions  the  value  of  r&  can  be  determined  from  a  variant 
of  the  familiar  aerodynamic  expression  for  evaporation  from  a  surface  with 
roughness  ZQ  (cm),  vis 

E  =  kZu(Xo-X)/(ln  z/tQ)2  (8) 


where  k  is  von  Karman’s  constant  (*0.41),  u  (cm/sec)  is  wind  speed  at  height 
s,  and  is  a  surface  concentration  to  be  found  by  plotting  X  against  u  at 
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several  heights  to  give  a  straight  line  intercepting  u  *  0  at  Y  ■  \  Q  (Covey  1959) 
Monteith  1963).  From  equation  (8)  and  an  analagous  expression  for  heat 
transfer,  it  follows  that 

r^  >  ra'  >  |Vn  z/zq)2  /  k2u]  (9) 

In  non-adiabatic  conditions,  equation  (8)  is  invalid,  but  provided  the  transfer 
coefficients  for  water  vapour  and  momentum  are  equal  at  all  stabilities  as 
experimental  evidence  suggests,  X  will  be  a  linear  function  of  u  and  the  dif¬ 
fusive  resistance  r&  will  still  be  defined  by  equation  (1).  When  the  departure 
from  neutral  stability  is  serious,  T  will  no  longer  be  a  linear  function  of  u, 
and  r  '  will  become  difficult  to  determine  accurately  from  Tq  and  equation  (2). 

In  the  rest  of  this  chapter,  values  of  r&  and  r^  determined  from  profile 
measurements  are  used  in  equation  (5)  to  estimate  the  diurnal  and  seasonal 
variation  of  evaporation  from  grass  on  the  experimental  field. 

Analysis  of  30-31  July  1962 

Mean  hourly  values  of  X  and  T  were  found  from  smoothed  profiles  of 

o  o 

temperature,  vapour  pressure,  and  wind  speed  at  four  heights  over  grass  on 
the  experimental  field  from  25  to  200  cm  (see  Chapter  HI).  Given  net  radia¬ 
tion,  soil  heat  flux,  and  evaporation  from  the  20-ft.  lysimeter,  sensible  heat 
transfer  was  calculated  by  difference  from  equation  (4)  and  diffusive  resis¬ 
tances  for  z  z  2  m  were  found  from  equations  (1)  and  (2).  In  non- neutral 
conditions,  the  values  of  r  1  are  approximate,  but  with  strong  instability  on 
the  morning  of  31  July  they  are  significantly  smaller  than  rft  because  sensible 
heat  transfer  by  mechanical  turbulence  was  enhanced  by  buoyancy  (Table  X-l). 
The  smoothed  wind  profiles  derived  from  a  combination  of  Thornthwaite  and 
Casella  anemometer  measurements  gave  a  sero  plane  displacement  of  about 
10  cm,  and  zq  about  1  cm,  whereas  the  original  unsmoothed  data  from  the 
Thornthwaite  anemometers  alone  gave  zq  about  3  cm  with  no  zero-plane 
correction.  Because  of  this  uncertainty  in  the  derivation  of  roughness  from 
wind  profiles  alone,  a  working  value  of  zq  was  obtained  from  equation  (8), 
inserting  values  of  (  XQ  -  X  )  and  E  during  near-neutral  hours  to  give  a  mean 

value  of  z  =2.3  cm.  The  third  column  of  Table  X-l  was  then  calculated 
o 

using  this  value  in  equation  (9).  In  non-neutral  conditions,  differences  be¬ 
tween  the  ‘observed’  values  of  rft  (from  equation  (1)  and  the  calculated  values 


stomatal  resistance  rs  (scc/cm) 


Figure  X-l.  Diurnal  variation  of  stomatal  resistance 

(a)  from  equation  (1) 

A  30  July  1962 
□  31  July  1962 

(b)  from  equation  (5) 

0  28  May  I960 
O  1  June  1960 


Figure  X-2.  Evaporation  on  30  to  31  July,  1962. 

-  recorded  by  20  foot  lysimeter 

•  calculated  from  equation  (5)  with 
rg  values  taken  from  Table  1 

O  calculated  from  equation  (5)  with 

r  =0.7  sec  /cm 
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were  often  large,  but  seemed  uncorrelated  with  Richardson  number. 

Values  of  stomatal  resistance  calculated  from  equation  (3)  reached  a 
minimum  value  of  about  0.6  sec/cm  in  the  middle  of  the  day  and  rose  steadily 
during  the  afternoon,  presumably  in  response  to  growing  moisture  deficits 
within  the  plants  (Fig,  X-l).  The  decrease  in  resistance  between  7  and  10 
P.S.T.  on  31  July  is  more  difficult  to  explain  but  may  be  exaggerated  by  the 
error  in  determining  rg  in  the  early  morning  when  E  is  very  small. 

Fig.  2  compares  the  observed  evaporation  rate  with  values  calculated 
from  equations  (5)  and  (9)  using  the  hourly  values  of  r#  in  Table  X-l.  Fortun¬ 
ately,  on  the  morning  of  the  31st  when  equation  (9)  is  invalid  because  the  air 
was  very  unstable,  the  Bowen  ratio  is  close  enough  to  Y/t  to  make  the  value  of 

E  insensitive  to  error  in  r  and  r  '  .  Hence  the  calculated  evaporation  agrees 

21  3l 

excellently  with  observation  throughout  the  period.  In  practice,  the  diurnal 
variation  of  stomatal  resistance  will  not  be  known  a  priori  but  the  evaporation 
rate  can  still  be  calculated  with  tolerable  accuracy  if  the  mean  stomatal  re¬ 
sistance  is  known.  For  the  24-hour  period  beginning  1400  on  30  July,  the 
weighted  mean  value  of  the  stomatal  resistance  was  ^rgE/l  =0.7  sec/cm. 
When  this  constant  value  was  used  in  equation  (5),  evaporation  was  under¬ 
estimated  in  the  afternoon,  but  integrating  over  a  day  the  error  in  total 
evaporation  was  negligible  and  Table  X-2  shows  close  agreement  between 
observed  evaporation  and  values  calculated  from  hourly  or  mean  values  of 
stomatal  resistance 
Analysis  of  other  data 

For  29  May  and  1  June  1960,  analysed  in  detail  in  previous  reports, 
[Pruitt  (1962)]  diurnal  variation  of  rs  was  calculated  from  equation  (5)  using 
measured  values  of  evaporation  rate,  saturation  deficit,  temperature,  and 
wind  speed.  Figure  X-l  shows  that  although  the  diurnal  pattern  of  rs  repeated 
the  pattern  of  1962,  the  resistance  was  much  larger  on  1  June  than  three  days 
previously.  This  increase  could  be  ascribed  to  increasing  soil  moisture 
deficit  but  it  is  probably  more  significant  that  1  June  was  an  “advection”  day 
with  hot  dry  winds  of  6-7  m/sec  creating  a  very  large  potential  evaporation 
rate  which  the  grass  was  unable  to  meet. 

At  much  smaller  evaporation  rates,  Makkink  (1956)  in  the  Netherlands 
found  that  for  a  given  soil  moisture  deficit,  the  actual  rate  of  evaporation  for 
grass  increased  less  rapidly  than  the  potential  rate,  presumably  because 


182 


J.L.  Monteith 


moisture  stress  within  the  plaints  induced  stomatal  closure.  Despite  the 
relatively  high  stomatal  resistance,  the  evaporation  on  1  June  was  the 
largest  observed  over  a  period  of  almost  4  years. 

A  similar  analysis  for  21  March  and  23  September  1961  was  only 
partly  successful,  probably  because  the  wind  was  so  light  that  it  was 
impossible  to  allow  properly  for  instability  and  for  the  large  increase  of 
roughness  at  low  wind  speeds  reported  by  Monteith  (1963)  for  a  similar 
surface.  For  these  two  days,  values  given  in  Table  X- 3  were  obtained  from 
equation  (6)  when  the  Bowen  ratio  was  approximately  Y/h. 

Table  X-2  suggests  that  the  stomatal  resistance  of  grass  on  the 
experimental  field  may  vary  between  a  minimum  of  about  0.4  sec/cm  and 
a  maximum  of  0.9  sec/cm  or  more  depending  on  reserves  of  soil  moisture 
and  on  the  potential  evaporation  rate.  Although  the  resistance  on  23  September 
seems  to  be  unaffected  by  cutting  on  the  20th,  shock  closure  of  stomata  or 
diminished  leaf  area  after  cutting  might  increase  the  resistance  for  several 
days  and  cause  differences  of  evaporation  between  different  lysimeters. 

This  may  explain  some  of  the  anomalies  in  the  downwind  variation  of  the 
evaporation  rate  examined  in  the  Second  Report  because  most  of  the  analy¬ 
sis  covers  the  five  days  after  cutting  on  27  October  1961. 

Annual  evaporation 

Equation  (5)  can  be  used  to  estimate  seasonal  changes  of  evaporation 
rate  assuming  that  evaporation  is  confined  to  hours  of  daylight.  Small 
amounts  of  evaporation  are  observed  on  dry  windy  nights  when  water  vapour 
diffuses  through  incompletely  closed  stomata  and  through  leaf  cuticles;  but 
on  calm,  clear  nights,  the  surface  gains  moisture  by  condensation.  In  most 
months,  the  net  moisture  exchange  at  night  is  probably  two  orders  of  magni¬ 
tude  below  daytime  evaporation.  Assuming  further  that  wind  speed  is  un¬ 
correlated  with  temperature  and  saturation,  daily  evaporation  may  be 
calculated  from  daily  means  K,  T,  Y,  and  r&  in  equation  (5),  multiplying  the 
saturation  deficit  (x*(T)  -  x}  by  the  number  of  hours  of  daylight. 

Net  radiation  and  wind  speed  in  1960  were  available  for  Davis  and 
mean  daytime  air  and  dew-point  temperatures  at  5  feet  were  taken  from 
published  records  for  Sacramento  airport.  (The  mean  1000  PST  screen 
temperatures  at  Sacramento  and  Davis  are  usually  the  same  within  1°C.) 

The  seasonal  variation  of  evaporation  at  Davis  in  I960  was  then  calculated 
for  a  surface  with  a  roughness  of  2.3  cm  and  stomatal  resistances  of  0.4 
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equation  (5)  with  rg  =  0.  4  sec/cm 
equation  (5)  with  rg  =  0. 8  sec /cm 
recorded  by  20  foot  lysimeter 
water  use  by  irrigated  alfalfa  (Veihroeyer) 


Figure  X-4.  Evaporation  at  DaviB  in  I960  as  function  of  surface 
assuming  r  =  0.4  sec /cm  and  same  weather  at  2  m 
plane  of  allsurfaces. 
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and  0.8  sec/cr,  (Fi<;.  X-3).  Evaporation  measured  with  the  20  foot  lysimeter 
agrees  well  with  estimates  for  r  «  0.4  from  January  to  May  and  for  r  *  0.8 

S  3 

sec/cm  from  June  to  December.  There  are  at  least  two  possible  reasons 
for  this  increase  of  resistance.  From  June  to  October  the  grass  was  cut 
(and  irrigated)  about  every  10  days  and  regrowth  between  cuts  during  the 
hotter  summer  months  may  have  been  too  slow  for  stomatal  resistance  to 
reach  a  smaller  value.  However,  the  larger  resistance  from  June  onwards 
may  be  a  response  to  very  high  rates  of  evaporation  imposing  a  severe 
water  stress  even  on  vegetation  that  is  frequently  irrigated. 

Measurements  reported  by  Halkias,  Veihmeyer,  and  Hendrichaon  (1955) 
of  summer  evaporation  from  alfalfa  (open  circles.  Fig.  X-3)  agree  with 
estimates  for  rg  =  0.8  sec/cm  but  the  resistance  could  probably  have  been 
smaller  if  periods  immediately  after  cutting  had  been  excluded  from  the 
analysis. 

Change  of  evaporation  with  roughness 

Assuming  that  rg  =  0.4  represents  a  minimum  value  of  stomatal  re¬ 
sistance  for  most  mesophytes,  monthly  evaporation  rates  at  Davis  were 
calculated  for  roughnesses  between  0.2  cm  (e.g.  mown  grass)  and  10  cm 
(e.g.  maize)  (Fig.  4).  The  change  of  evaporation  rate  with  roughness  depends 
on  the  difference  between  daily  mean  values  of  C/  AE  and  v/A.  When  the 
two  quantities  are  almost  equal  as  in  January  and  March,  evaporation  is 
almost  independent  of  rg  and  hence  of  windspeed  and  roughness,  but  as  the 
saturation  deficit  increases  later  in  the  year,  y/A  exceeds  C/AE  and  evap¬ 
oration  rate  increases  with  roughness.  For  zq  between  1  and  5  cm,  re¬ 
presenting  most  common  agricultural  crops,  the  largest  absolute  variation 
in  evaporation  rate  is  ±1.1  mm/day  about  a  mean  of  8.9  mm/day  in  July.  In 
a  more  humid,  maritime  climate,  the  Bowen  ratio  will  be  larger  during  the 
summer  and  changes  with  crop  evaporation  with  roughness  smaller  than 
those  of  Fig.  X-4.  This  is  consistent  with  field  experience  reviewed  by 
Penman  (1963)  that  when  crops  with  different  height  and  structure  are 
grown  in  the  same  climate,  differences  in  evaporation  rate  are  small. 
Conclusions 

Many  features  of  evaporation  at  Davis  described  in  previous  reports 
can  be  explained  in  terms  of  diffusive  resistances  and  the  Penman  formula. 
For  example,  the  loops  found  when  AE  is  plotted  against  R  either  on  a  daily 
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or  on  a  seasonal  basis  are  predicted  by  equation  (5)  because  the  two  terms 
in  the  denominator  are  out  of  phase.  The  ratio  of  the  aerodynamic  term  to 
the  radiative  term  increases  during  the  day  and  during  the  year  and  if  sto- 
matal  resistance  remained  constant,  instead  of  increasing  towards  the  end 
of  the  day  and  during  summer  and  autumn,  the  arms  of  each  loop  would  be 
even  more  widely  separated.  Similarly,  a  failure  to  estimate  evaporation 
assuming  that  surface  air  is  saturated  can  be  explained  by  the  very  low  sur¬ 
face  humidites  in  Table  X-l.  This  assumption  of  surface  saturation  is  one 
of  the  weakest  features  of  current  analytical  attacks  on  the  advection  of  hot, 
dry  air  over  irrigated  vegetation.  More  realistic  solutions  await  the  incor¬ 
poration  of  a  stomatal  parameter,  recognizing  that  the  physiological  behaviour 
of  plant  surfaces  may  control  evaporation,  even  when  soil  moisture  is 
maintained  by  frequent  rainfall  or  irrigation. 
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TABLE  X-2 

STOMATAL  RESISTANCE  AND  RELEVANT  DATA  ON  SELECTED  DAYS 


Date 

Minimum 

r? 

sec/cm 

Mean  Wind 
(u) 

m/sec 

Approx.  Moisture 
Deficit  (cm)i/ 

Previous  Previous 

Cutting  Irrigation 

29  May 

1960 

0.4 

2.4 

2.9 

4  May 

20  May-/ 

1  June 

1960 

0.9 

7.0 

5.3 

31  May 

20  May—/ 

21  March 

1961 

0.5 

1.6 

1.5 

13  Mar. 

3/ 

Previous  Fall— 

23  Sept. 

1961 

0.4 

1.1 

4.5 

20  Sept. 

1 2  Sept. 

31  July 

1962 

0.6 

3.5 

4.5 

25  July 

23  July 

—  Calculated  for  the  upper  45  cm  of  soil  at  noon.  The  available  moisture  in 
this  zone  is  about  7.5  cm.  On  29  May  and  1  June  it  may  be  of  significance 
that  the  lower  45  cm  of  soil  was  at  the  wilting  point  due  to  a  failure  of  two 
previous  irrigations  to  re -wet  this  zone  following  a  severe  dry-down  run 
ending  on  May  9. 

— /  A  1.5  cm  rain  fell  on  23-24  May. 


3/ 


Heavy  rains  on  15  March  brought  the  upper  75  cm  of  the  soil  profile  to 
field  capacity.  Light  rain  on  19  March  re-wet  the  surface  again. 
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CHAPTER  XI 


RESISTANCE  TO  WATER  LOSS  FROM  PLANTS 
Mervyn  J.  Aston 

INTRODUCTION 

The  need  for  the  inclusion  of  a  plant  factor,  in  evapotranspiration  studies, 
has  long  been  known.  However,  attempts  to  use  a  unique  plant  correction 
value  have  met  with  little  success,  particularly  in  short  term  observations. 

Micrometeorologists,  concerned  mainly  with  what  occurs  above  the 
plant,  usually  ignore  the  plant  and  the  effects  it  may  have  in  limiting,  or 
assisting  the  flow  of  water  from  the  soil  to  the  atmosphere.  There  has, 
therefore,  been  a  great  need  for  studies  concerned  with  the  effect  of  this 
organism  on  water  loss  from  the  soil  surface  and  from  a  crop  cover. 

Water  flow  from  soil  to  atmosphere  can  descriptively  be  considered 
in  three  phases,  vis. 

1.  Through  the  soil  to  the  plant  root, 

2.  Into  the  plant  root  and  through  the  plant  to  the  atmosphere,  and 

3.  Movement  in  the  atmosphere  away  from  the  plant. 

The  second  phase  will  be  the  only  one  considered  in  this  report,  although 
some  attempt  is  made  at  correlating  the  observed  plant  variables  with  changes 
in  the  surrounding  environment.  Flow  within  the  plant  can  be  considered  as 
being  through  the  roots,  stem,  and  leaves  the  latter  being  considered  in  the 
fluid  phase  within  the  leaf  tissues,  and  gaseous  phase  from  within  the  sub- 
stomatal  cavity  to  the  atmosphere.  There  has  been  considerable  argument 
and  discussion  as  to  the  relative  resistances  offered  to  water  flow  in  different 
parts  of  the  plant  (Van  den  Honert  1948,  Allerup  1960,  Brouwer  1961)  however 
it  is  beyond  the  scope  of  these  observations  to  consider  each  separately. 

Assuming  the  effect  of  root  pressure  on  transpiration  and  water  flow 
through  the  plant  to  be  relatively  small*,  it  can  be  considered  that  the  main 
force  for  water  movement  through  the  plant  is  situated  at  the  cell  wall  sur¬ 
faces  in  the  substomatal  cavity  (Levitt  1956).  The  forces  causing  flow 

This  may  quite  well  be  an  erroneous  assumption,  but  laboratory  experiments 
by  Vaadia  and  Aston  (unpub.  data)  indicate  the  assumption  to  be  correct.  The 
interpretation  of  principles  is,  however,  not  greatly  affected  even  if  this 
assumption  were  not  true. 
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furthermore  could  be  expected  to  be  influenced  by  the  conditions  which  exist 
between  the  leaf  and  the  surrounding  environment.  Therefore,  we  can  consider 
the  flow  of  water  through  the  plant  from  soil  to  atmosphere  in  analogous 
terms  to  the  flow  of  electricity  and  Ohms  law,  i.e. 

E  s  AP 

T? 

where  E  =  evaporation  loss  (gm.  sec’*,  cm'*) 

AP  s  potential  difference 
R  *  resistance  to  flow 

In  this  form,  it  can  be  seen  that  water  flow  through  the  plant,  with 
its  consequent  loss  as  evaporation  is  affected  by  the  gradient  inducing  flow, 
and  the  resistances  to  this  flow  imposed  by  the  plant.  It  is  not  necessary 
to  specify  where  these  resistances  exist,  whether  they  are  in  the  roots, 
leaves,  or  stomates,  they  may  be  considered  in  total  as  affecting  flow  through 
the  whole  plant. 

In  these  studies  the  AP  gradient  has  been  expressed  as  an  absolute 
moisture  gradient  rather  than  a  vapor  pressure  gradient.  In  this  case 


where  x  are  the  absolute  water  contents  in  gm.cm"  .  In  this  case  R 

1  *  _  i 

has  the  units  of  sec. cm 

The  gradient  for  water  loss  has  been  considered  as  being  between  the 
cell  surfaces  of  the  sub  stomatal  chamber  and  the  surrounding  air.  For 
the  purpose  of  the  studies  it  has  been  assumed  that  saturation  exists  at  these 
surfaces,  and  the  *  value  then  is  that  for  saturation  at  the  temperature  of 
the  leaf.  Therefore,  (  -  *2)  i»  (  *(T)  Leaf  -  *Air).  In  order  to  re¬ 

move  the  obvious  effect  of  leaf  area  variations  on  the  resistance,  the 
evaporation  values  are  expressed  for  each  square  centimeter  of  leaf  surface. 

Considering  flow  through  the  plant  in  this  manner  does,  however, 
neglect  the  effects  of  the  very  thin  air  layer  which  exists  around  each  leaf. 

It  has  been  shown  that  resistance  to  flow  through  this  layer  is  high  (Van  den 
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Honert  1948,  Kuiper  1961)  and  may  constitute  a  major  portion  of  the  resistance 
values  calculated  in  the  above  manner.  Ideally,  therefore,  the  x  air  value 
should  be  measured  at  an  infinites  a  imally  small  distance  outside  the  stomates. 
This,  of  course,  is  not  possible.  An  estimate  of  the  resistance  within  this 
layer,  and  in  the  surrounding  mass  of  air  can  be  obtained  by  considering  a 
wet  surface  essentially  free  from  internal  resistances,  in  which  case  the 
resistance  present  is  due  to  the  surrounding  air  layers.  In  this  case  - 


^plant  ^total  "  ^air 

e. 

D  =  /  *  leaf  -  x  air  ^ 

1  -  /  x  wet  surf.  -  x  air  \ 

plant  ^  E  plant  ^ 

)  1  E  wet  surface  1 

A 

Ideally  the  wet  surface  should  be  physically  similar  to  the  leaf  as  close  as 
possible. 


METHODS 

The  studies  were  carried  out  on  a  perennial  ryegrass  sward,  (Lolium 

perennc),  the  20  ft.  weighing  lysimeter  being  used  for  the  measurement  of 

water  loss.  Sward  leaf  areas  were  measured  by  means  of  an  airflow  plani- 

meter  (Jenkins  1959).  Leaf  temperatures  were  measured  with  copper- 

constantan  thermocouples,  made  from  40  gauge  wires,  inserted  into  the 

leaf.  Wet  and  dry  air  temperature  measurements  were  made  with  wet  and 

dry  20  gauge  copper-constantan  thermocouples  which  were  shaded  and 

aspirated  at  an  air  velocity  of  900  feet  per  minute.  A  black  atmometer 

mounted  within  the  sward  was  used  as  the  wet  surface  for  R  .  calculations. 

air 

The  surface  temperature  of  the  bulb  was  measured  with  the  fine  thermo¬ 
couples.  In  order  to  correlate  the  surface  occurences  with  variation  in  the 
air  mass  above  the  grass,  use  was  made  of  the  calculated  resistance  in  the 
air  above  the  award,  calculated  by  Monteith's  (1962)  method.  Assuming 
that  the  transfer  conditions  of  water  vapor  and  momentum  are  equal  under 
conditions  of  stability  and  that  the  vertical  fluxes  are  constant  with  height, 
he  shows  that: 

Ea  =  u  k^  (*  -  xq) 

[  In  ((x-d)  /  so)]2 
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where  k(0.41)  is  von  Karmen's  constant,  *  and  u  (windspeed)  are  measured 
at  height  Z,  and  xq  is  the  surface  vapor  concentration.  Zo  is  the  roughness 
parameter  and  d  is  the  zero  plane  displacement. 

Considering  R  =  1  *1 — tSl 

and  introducing  a  correction  for  air  stability,  then 


In  [  Z  -  d  ] 

-  L  V~Zg~i 


uk  (1  -  oRi) 

where  Ri  is  the  Richardson  Number  given  by 


«’°V 


1  9Z 
3U/3*)' 


T  is  the  absolute  temperature,  and  e  is  a  constant  determined  empirically, 
here  taken  to  be  equal  to  10.  Ri  was  measured  between  100  and  25  cm  and 
u  at  100  cms.  The  units  of  RA  are  based  on  the  square  area  of  ground  sur¬ 
face  and  hence  are  not  the  same  as  those  of  R  .  orR  .  .,  but  variations 

air  plant 

in  RA  may  be  correlated  with  those  of  R  .  and  R  ,  .. 

air  plant 

RESULTS  AND  DISCUSSION 


To  date  complete  results  have  been  obtained  for  only  two  and  a  half 
days  and  consequently  it  is  difficult  to  draw  conclusions  from  the  data. 

Although  the  net  radiation  level  for  3j  August  1962  was  lower  than 
30/31  July  1962  the  resulting  leaf  and  air  temperatures  were  3-4  deg  C 
higher  on  the  former  day  (Figure  XI- 1  a-b).  This  phenomenon  is  most 
likely  due  to  the  wind  conditions  prevalent  on  these  days  (Figure  XI- 1  a-b). 
During  30/31  July  the  wind  increased  during  the  day  to  4  meters  per  sec., 
completely  dying  down  in  the  evening.  During  31  August  the  wind  was 
essentially  calm  at  about  1  meter  per  second.  Richardson  numbers  for 
these  periods  demonstrate  the  wind  effect,  and  during  the  July  days  varies 
little,  while  a  wide  variation  of  Richardson  number  on  31  August  shows  a 
dependence  almost  entirely  on  the  prevailing  temperature  gradients,  (cf 
Table  HI-6). 

The  plant  resistances  and  sward  air  resistances  are  shown  in  Figures 
XI- 2a,  b,  c.  Here  the  effect  of  the  light  wind  can  be  seen  to  decrease  the 
resistance  of  the  sward  air  from  around  2.5-3  to  0.5-1.  The  plant  values 
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on  both  days  are  approximately  the  same.  The  plant  resistance  values  show  no 
correlation  with  conditions  in  the  air  layers  above  the  ground  which  certainly 
indicates  that  the  plant  is  exerting  a  separate  and  independent  influence  on 
water  loss. 

During  both  July  days  the  plant  resistance  values  were  higher  than 
those  for  the  surrounding  air.  The  sudden  rise  in  resistance  towards  sun¬ 
set,  appears  to  be  correlated  with  a  corresponding  rise  in  the  RA  (Figure 
XI- 2)  values  at  that  time.  There  is,  however,  a  possibility  that  part  of  this 
resistance  rise  may  be  associated  with  stomatal  closure  around  sunset, 
this  causing  a  restricted  flow  while  the  potential  gradient  for  vapor  flow  is 
still  reasonably  high.  There  appears  to  be  a  gradual  increase  in  resistance 
during  the  day,  which  would  be  expected  as  tensions  within  the  plant  increase. 

A  similar  increase  in  resistance  throughout  the  day  has  been  shown  for 
beans  and  long  grass  in  English  studies  (Monteith  1962)  approaching  this 
problem  from  a  micrometerological  viewpoint  (cf  Chapter  X). 

The  resistance  values  for  31  August  are  more  difficult  to  interpret. 

On  this  day  the  values  are  greater  than  Rp^ant  indicating  that  the  main 

controlling  resistance  to  water  flow  is  in  the  surrounding  air.  It  is,  however, 

interesting  to  note  that  the  two  resistance  values  behave  oppositely  to  each 

other,  vi*  as  R  .  increases,  R  ,  .  decreases  and  vice  versa.  These  re- 

air  plant 

suits  could  be  interpreted  as  meaning  the  controlling  resistance  is  in  the 
surrounding  air  with  the  plant  resistance  having  an  almost  equal  effect. 

As  Ra£r  decreases  the  influence  of  the  plant  increases  and  it  exerts  a  greater 
influence  on  water  flow,  as  R  ^  increases,  this  control  becomes  less  and 
consequently  Rpiant  decreases . 

In  general  it  is  hard  to  draw  any  firm  conclusions,  but  there  certainly 
appears  to  be  an  independent  plant  effect  in  controlling  water  loss.  There 
would  appear  to  exist,  a  balance  between  the  resistance  to  flow  offered  by 
the  surrounding  air  layers,  and  the  plant.  Under  conditions  of  low  potential 
gradient,  for  water  loss  and  poor  atmospheric  vapor  transfer  the  resistance 
is  primarily  in  the  air  layers,  but  as  the  potential  gradient  increases  and 
transfer  in  the  surrounding  air  layers  increases  the  influence  of  the  plant 
becomes  significant. 

The  use  of  a  black  atmometer  bulb  as  a  wet  surface  is  subject  to 
criticism,  because  of  its  bulk,  colour,  shape  and  inflexibility.  In  future 
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studies,  small  evaporimeters  made  from  green  blotting  paper  strips  will  be 
used  in  an  attempt  to  approach  sward  conditions.  The  results  obtained  from 
the  bulbs  in  these  two  studies  do,  however,  indicate  that  they  give  good 
relative  measurements. 

It  is  intended  to  continue  these  studies  throughout  the  year  with 
additional  instrumentation  and  measurements  of  internal  water  status  of 
the  plant.  Laboratory  experiments  have  also  been  designed  with  the  aim 
of  defining  the  specific  areas  of  resistance  within  the  plant,  and  to  assess¬ 
ing  the  effect  of  individual  environmental  factors. 


Figure  XI- la.  Daily  fluctuations  of  evapotranspiration,  100  cm  wind  speed 
(U100),  leaf  temperature  (T8),  air  temperature  within  the 
sward  (T^),  at  50  cm  height  (T50),  and  100  cm  height  (T^qo). 


TIME 


Figure  XI- lb.  Daily  fluctuations  of  evapotranspiration,  100  cm  wind  speed 
(U100),  leaf  temperature  (T8),  air  temperature  within  the 
sward  (T6),  at  50  cm  height  (T50),  and  100  cm  height  (T10o)- 

197 


Figure  XI-2a,  Daily  fluctuations  of  plant  resistance  (R_  -  sec.  cm'*  cm'^ 
leaf  surface),  resistance  of  surrounding  air  (Ra  -  sec.  cm'* 
cm"2  bulb  surface,  resistance  of  air  (after  Monteith  1962) 
above  sward  (RA  -  sec.  cm'*  cm"2  ground  area). 
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Figure  XI-2b.  Daily  fluctuations  of  plant  resistance  (Rp  -  sec.  cm-'  cm"2 
leaf  surface),  resistance  of  surrounding  air  (Ra  -  sec.  cm"* 
cm'2  bulb  surface),  resistance  of  air  (after  Monteith  1962) 
above  sward  (RA  -  sec.  cm'*  cm*2  ground  area). 
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CHAPTER  XII 


MOVEMENT  AND  DISTRIBUTION  OF  THO  IN  TISSUE  WATER 
AND  VAPOR  TRANSPIRED  BY  SHOOTS  OF  HELIANTHUS  AND  NICOTLANA 

Franklin  Raney  and  Yoash  Vaadia-^ 

INTRODUCTION 

We  recently  reported  (8)  on  the  use  of  THO-enriched  water  (tritiated 
water)  as  a  tracer  of  water  movement  in  the  roots  of  sunflowers  in  the 
presence  and  absence  of  transpiration.  Subsequent  studies  reported  here 
relate  to  the  use  of  THO  for  appraising  the  pattern  of  movement  and  dis¬ 
tribution  of  THO  in  sunflower  and  tobacco  stems  and  leaves,  and  their 
transpired  water  vapor. 

METHODS 

The  plants  used  were  grown  and  selected  in  the  manner  reported 
previously  (8). 

Measurement  of  THO  in  Shoot  Tissues 

Influx  and  efflux  of  THO  was  followed  in  intact  30-day-old  sunflower 
(Helianthus  annuus)  plants  raised  from  seed  in  tritiated  nutrient  solution 
(THO- grown  plants)  and  in  plants  raised  from  seed  in  water  without  added 
tritium  (HHO-grown  plants).  In  addition,  influx  and  efflux  of  THO  were 
traced  in  detached  shoots  of  THO- grown  plants  cut  beneath  the  surface  of 
the  THO  solution. 

At  harvest,  stem  segments,  the  first-  and  second-order  leaf  veins, 
and  the  residual  leaf-blade  material  between  the  second-order  veins 
(hereafter  referred  to  as  mesophyll)  were  analyzed  for  tritium. 

When  an  intact  plant  was  being  studied,  the  root  system  was  blotted 
with  filter  paper  and  the  leaves  were  removed  at  the  stem  end  of  the  petiole 
with  a  razor  blade.  The  petioles  were  then  severed  at  the  base  of  the  leaf 
blade.  The  entire  stem  and  attached  root  system  was  then  segmented  into 
2-cm  pieces  with  one  stroke  of  a  multibladed  knife  with  the  outside  blade 
positioned  at  the  cotyledonary  node.  The  leaf  blades  were  then  dissected 
with  a  sharp  razor  blade  to  separate  the  midvein  and  the  first-order 
lateral  veins  from  the  mesophyll,  which  of  course  contained  numerous 

1/  Present  address:  Department  of  Plant  Physiology,  Arid  Zone  Research 
Institute,  Eeersheva,  Israel. 
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higher-order  veinlets.  Immediately  after  stem  segmentation  and  leaf 
dissection,  the  tissue  was  stored  in  tightly-corked  cylindrical  (15  x  45  mm) 
vials.  The  vials  of  tissue  were  then  frozen  in  dry  ice  for  storage.  This 
entire  process  required  about  five  minutes. 

McDermott  (7)  observed  that  in  some  cases  the  water  content  of  plant 
tissues  depends  on  the  method  used  for  cutting  the  tissue.  One  trial  was 
therefore  made  to  determine  the  effect  of  cutting  technique  on  the  amount 
of  tritium  in  the  water  of  plants  exposed  to  a  THO  solution  in  the  light  for 
6  hours.  Leaves  were  dissected  under  three  conditions:  1)  after  the  petiole 
was  severed  at  the  base  of  the  blade;  2)  with  the  leaf  still  attached  to  the 
stem;  and  3)  with  the  leaf  frozen  on  a  block  of  dry  ice  and  dissected  while 
still  frozen.  Since  tritium  content  was  not  affected  by  the  cutting  condition, 
the  multibladed  dissection  system  was  considered  to  be  reliable. 
Measurement  of  THO  in  Transpired  Vapor 

Fully  grown  80-day- old  flowering  tobacco  plants  (Nicotiana  rustica) 
that  had  been  raised  on  tritiated  nutrient  solutions  were  sealed  in  a  9-liter 
glass  chamber  and  supplied  with  800  ft-c  of  incandescent  light.  Air,  pre¬ 
dried  with  three  dry- ice  freeze-out  fingers  and  two  P2O5  columns,  was 
coursed  through  the  chamber  at  various  speeds  and  periods.  The  transpired 
water  vapor  was  captured  periodically  by  passing  the  outgoing  current  of 
moist  air  through  a  series  of  freeze-out  tubes  submerged  in  dry  ice.  THO 
contents  were  determined  for  the  transpired  vapor,  the  rooting  medium, 
and  the  leaf-tissue  water.  In  one  experiment,  the  transpiration  rate  was 
automatically  recorded  with  an  infrared  hygrometer  and  the  THO  activity 
of  transpired  vapor  was  measured  by  capturing  the  vapor  as  before. 

Influx  of  THO  Vapor  into  Intact  Plants 

Leaf  guttation  occurred  during  initial  experiments  when  7-day-old 
sunflower  seedlings  were  transferred  from  the  germinating  medium  to 
tritiated  nutrient  solution.  Since  guttating  plants  of  the  same  age  were 
growing  adjacently  in  non-tritiated  nutrient  solution,  this  was  an  opportunity 
to  observe  whether  THO  vapor  in  the  air  would  appear  in  the  guttation  water 
or  in  the  tissues  of  the  plants  guttating  from  non-tritiated  solution.  Some 
absorption  of  THO  did  occur  (Figure  1),  the  guttation  water  from  HHO-grown 
seedlings  increasing  in  THO  activity.  Either  the  tritium  was  moving  root- 
ward  from  the  cotyledon,  or  the  hypocotyl  itself  was  absorbing  THO. 
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However,  no  gain  in  THC  was  detected  in  the  roots  or  nutrient  solution  in  48 
hours.  Consequently,  the  ventilation  rate  of  the  chamber  where  the  plants 
were  transpiring  tritium  was  increased  so  that  the  THO  vapor  would  be 
removed  more  efficiently. 

RESULTS 

Movement  of  THC  in  Shoot  Tissues 

In  general,  the  pattern  of  influx  and  efflux  of  THO  in  comparable 
tissues  (stem,  Figure  XII- 2;  veins,  Figure  XII-3;  mesophyll,  Figure  XII-4) 
was  similar  regardless  of  whether  or  not  the  shoot  was  attached  to  the  root 
system. 

Both  influx  and  efflux  were  slower  for  the  apical  stem  segment  (25  cm 
above  the  cotyledonary  node;  Figure  XII- 2)  than  for  the  segment  at  8  cm, 
just  above  the  node  bearing  the  first  true  leaves,  and  THO  was  not  completely 
lost  from  the  apical  segment  by  24  hours.  The  segment  at  8  cm  effluxed 
completely  in  about  4  hours,  as  did  the  veins  (Figure  XII-3). 

Figures  XII-2,  XII-3,  and  XII-4  show  that  the  lag  in  THO  movement 
between  the  bottom  of  the  shoot  (8  cm)  and  the  top  of  the  shoot  (24  cm)  was 
greatest  in  the  stem  tissues.  This  lag  was  also  by  far  the  greatest  in  THO- 
grown  shoots  whose  roots  had  been  removed  before  efflux  ar.d  reinflux  of 
THO  (Figure  XII-2)  had  occurred.  From  Figure  XII- 5  can  be  gained  an  idea 
of  the  rate  of  equilibration  of  stem  tissues  in  an  HHO-grown  sunflower 
influxing  THO. 

The  pattern  of  THO  influx  and  efflux  in  the  stem  and  leaf  veins  was 
strikingly  similar  in  both  THO-grown  and  HHO-grown  intact  plants  (Figures 
XII-2  and  XII-3).  The  influx  pattern  for  leaf  veins  (Figure  XII-3)  was 
similar  for  leaves  at  both  the  8-  and  24- cm  level  on  the  plant,  and  approached 
completion  in  one  light-dark  cycle. 

Mesophyll  tissue  (Figure  XII-4)  reached  only  55  to  80%  of  solution  THO 
activity  (C/CQ  =  0.55  to  0.80)  even  after  the  plant  had  been  grown  in  THO 
from  seed  to  an  age  of  30  days,  THO  reinflux  differed  markedly  in  pattern 
from  the  preceding  efflux  from  the  leaf.  The  efflux  of  THO  from  the  meso¬ 
phyll  in  the  basal  (8  cm)  set  of  true  leaves  did  resemble  the  efflux  of  the 
apical  (24  cm)  set  of  true  leaves  However,  after  24  hours,  reinflux  of  THO 
into  these  leaves  was  asymptotic  to  a  value  of  C/Cq  =0.5  rather  than  to  the 
value  0.80,  from  which  the  initial  efflux  began. 
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In  HHO-grown  plants  (Figure  XII-4),  the  water  in  the  meeophyU  tissue 
equilibrated  at  nearly  the  same  rate  in  both  the  oldest  (8  cm)  and  the  young* 
est  leaves  (24  cm),  in  24  hours  asymptotically  approaching  a  value  of  55%  of 
equality  with  the  external  solution.  A  longer  study  of  HHO-grown  plants 
(Figure  XII-6)  showed  that  the  radioactivity  of  whole-leaf  tissue  (veins  plus 
mesophyll)  did  not  exceed  75%  of  external  activity  even  after  eight  days  with 
the  roots  in  tritiated  water. 

Since  there  is  always  the  possibility  that  these  results  may  depend  in 
both  pattern  and  absolute  values  on  the  kind  of  plant  studied,  distribution  of 
THO  was  examined  in  tobacco  plants  raised  for  80  days  in  tritiated  Hoagland 
solution.  At. analysis  the  plants  were  setting  seed.  The  data  (Figure  XII- 7) 
show  that  the  various  tissues  departed  to  differing  degrees  from  equality 
with  the  THO  of  the  external  solution: 

1)  Stem  tissue  of  tobacco  equilibrated  at  about  97%,  veins  at  92%,  and 
mesophyll  at  62%  (much  like  in  sunflower). 

2)  In  tobacco,  as  in  sunflower,  the  youngest  stem  tissues  tended  to 
fall  shorter  of  equality  with  the  external  medium  than  did  the 
older  stem  tissues. 

In  addition,  at  various  levels  in  the  plant  there  was  distinctly  more 
THO  in  the  mesophyll  of  the  leaf  than  in  the  leaf  tip  (Figure  XII-8). 

Efflux  of  THO  in  Transpired  Water  Vapor 

The  tritium  content  of  water  vapor  transpired  by  Helianthus  and 
Nicotians  enclosed  in  sealed  chambers  and  served  by  a  stream  of  dry  in¬ 
coming  air  is  of  great  interest  (Figure  XII-9). 

The  THO  content  of  leaf  tissue  was  sampled  only  at  the  beginning 
and  the  end  of  the  period  over  which  the  THO  content  of  the  transpired 
vapor  was  measured.  Nevertheless,  although  the  hour-by-hour  THO  con¬ 
tent  of  the  leaf  water  is  not  known,  the  concentration  in  leaf  tissue  rose 
over  a  twelve-hour  period  (in  light)  from  65  to  95%  of  the  tritium  concen¬ 
tration  in  the  Hoagland  solution  bathing  the  roots. 

During  the  same  period,  the  THO  content  of  the  transpired  water 
vapor  rose  from  a  value  below  that  of  the  leaf-tissue  water,  matched  the 
initial  THO  content  of  the  leaf  water  after  about  four  hours  had  elapsed, 
and  for  the  remaining  eight  hours  rose  steadily  to  reach  a  value  of  95%, 
equal  to  that  in  the  leaf-tissue  water. 
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During  the  entire  period  of  12  hours,  the  rate  of  transpiration,  measured 
by  an  infrared  hygrometer,  declined  as  the  THO  content  of  the  leaf  tissue  and 
the  THO  content  of  the  transpired  vapor  continued  to  increase. 

Flow  rate  and  the  THO  activity  of  transpired  water  were  correlated 
inversely  (Figure  XII- 10). 

Fntry  of  Atmospheric  Vapor  into  Leaves 

The  fact  that  the  THO  in  tissue  does  attain  the  external  concentration 
when  the  shoot  is  exposed  to  predried  air  suggests  that  the  exchange  of  water 
molecules  between  atmospheric  vapor  and  tissue  water  can  be  considerable 
in  an  open  system.  Figures  XII- 11  and  XII- 1  2  present  data  on  the  exchange 
of  water  between  the  leaf  and  its  environment.  Figure  XII- 11  presents  a 
long  record  of  THO  absorption  from  the  atmosphere  by  HHO- grown  plants 
growing  adjacent  to  THO- grown  plants.  The  THO  in  the  atmosphere  came 
from  the  vapor  transpired  by  THO- grown  plants  and  by  direct  evaporation 
from  the  nutrient  solution.  The  concentration  of  THO  in  the  atmospheric 
vapor  was  not  measured,  but  because  of  high  ventilation  rates  must  have  been 
very  low.  However,  the  results  show  that  THO  did  enter  the  HHO-grown 
plants  and  was  most  concentrated  in  the  cotyledons  and  leaves,  where  vapor 
exchange  would  be  expected  to  take  place.  Other  organs  usually  contained 
much  less  THO. 

Figure  XII- 12  characterises  THO  concentrations  in  excised  leaves  of 
THO- grown  plants  during  equilibration  with  a  saturated  HHO  atmosphere  at 
20°C  in  diffuse  laboratory  light.  Whole  leaves  lost  THO  to  an  HHO  atmos¬ 
phere  rapidly,  with  a  half-time  of  about  three  hours.  The  veins  tended  to 
lag  behind  the  mesophyll  a  little,  but  the  entire  leaf  had  completely  lost  its 
THO  content  before  24  hours  had  elapsed. 

DISCUSSION 

The  lower,  mature  stem  internodes  of  the  leaf  veins  of  sunflower  gained 
and  lost  THO  in  a  pattern  the  same  as  the  leaf  veins  and  reached  equality 
with  the  external  THO  solution  in  one  24-hour  period  (Figures  XII-2  and  XII-3). 
This  tends  to  contradict  the  existence  in  the  stem  of  a  sizable  fraction  of 
water  that  is  inaccessible  for  long-term  turnover.  These  stem  tissues  ex¬ 
hibited  an  initial  rapid  phase  in  THO  intake  requiring  three  hours  for  an 
intact  transpiring  Helianthus  plant.  This  state  reached  90  to  100%  of  external 
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concentration  of  THO  and  may  have  involved  all  of  the  apoplaet  as  well  ae  the 
amorphous  regions  of  the  cellulose  macro-molecules.  The  steepness  of  the 
flux  curves  for  this  first  phase  suggests  that  the  pathways  for  water  move¬ 
ment  in  the  stem  are  of  large  size,  with  little  net  tortuosity,  and  that  radial 
dispersion  of  the  tracer  is  rapid. 

Interpretation  of  the  data  from  leaf  tissues,  young  stem  tissues,  and 
veins  in  young  leaves  is  more  complicated.  As  noted  earlier,  leaf  tissues 
did  not  equilibrate  with  external  THO  concentration  even  over  extended 
periods.  This  observation  has  been  made  previouly  by  other  workers  (1,2, 

4,  10).  Biddulph  et  al.  (1)  attributed  this  to  direct  flux  of  the  transpiration 
stream  from  the  xylem  to  the  surrounding  atmosphere,  with  little  mixing  in 
the  mesophyll.  However,  they  did  not  analyze  the  transpired  vapor  for  THO. 
Their  contention  that  a  considerable  fraction  of  water  in  the  leaf  did  not  ex¬ 
change  was  not  experimentally  supported. 

Our  studies  of  vapor  transfer  between  atmospheric  water  and  the  leaf 
tissue  (Figures  XII-11,  XII- 12)  show  that  the  lack  of  equilibration  of  the  leaf 
tissue  results  from  a  dilution  of  THO  in  the  leaf  with  unlabeled  atmospheric 
vapor. 

Transpiration  is  known  to  be  proportional  to  the  difference  in  vapor 
pressure  between  the  leaf  and  the  atmosphere  (6).  As  in  any  other  diffusion 
process,  the  net  transpiration  rate  (T)  represents  the  difference  between 
outward  diffusion  (d^)  and  inward  diffusion  (d^)-  Each  component  is  pro¬ 
portional  to  the  vapor  pressure  at  its  source.  Therefore,  transpiration  is 
predicted  by: 


T 


(1) 


where  Pj  and  are  respectively  the  vapor  pressures  in  the  leaf  and  the 
atmosphere  (at  the  two  ends  of  the  diffusion  path)  and  R  is  the  resistance  of 
the  path,  assuming  a  proportionality  constant  that  is  identical  regardless  of 
the  direction  of  diffusion. 

Under  steady- state  conditions,  when  transpiration  equals  absorption 
the  leaf  THO  concentration  does  not  vary  with  time,  the  following  relation 
holds: 


(dl  '  d2}  Co  =dl  C1  "  d2  C2 


(2) 


“  - 
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where  Cq,  Cj,  and  C 2  are  respectively  the  THO  concentrations  in  the  external 
solution,  the  leaf,  and  the  atmospheric  vapor,  Since  ventilation  is  continuous 
in  these  experiments,  C2  is  very  small.  Thus,  neglecting  C2  and  rearranging 
equation  (2): 


Since  dj 


=  Pi  and  d2  =  P2’ 


equation  (3)  can  be  rewritten  as 


(3) 


(4) 


where  is  the  vapor  pressure  of  the  atmosphere  and  Pj  is  the  vapor 
pressure  of  the  tissue  water. 

If  P1  is  assumed  to  be  the  saturation  vapor  pressure  under  isothermal 
conditions.  P2/Pi  represents  the  relative  humidity.  According  to  equation 
(4),  when  the  environmental  relative  humidity  is  50%.  as  in  our  experiments, 
C/Cq  for  THO  at  steady  state  in  the  leaf  tissue  should  be  about  0.5,  some¬ 
what  lower  than  our  results.  However,  since  the  ventilation  of  transpired 
THO  was  not  quite  complete  (as  evidenced  by  some  entry  of  THO  from  trans¬ 
pired  vapor  into  leaves  of  HHO-grown  plants)  (Figure  XII- 11),  the  observed 
values  should  exceed  somewhat  those  predicted  by  equation  (4). 

Under  conditions  were  P2  is  near  tero,  the  steady-state  concentration 
of  THO  in  the  leaf  should  approach  the  external  concentration.  This  is  con¬ 
firmed  in  Figure  XII-9,  where  the  shoots  were  continuously  exposed  to  pre¬ 
dried  air. 

Data  for  80-day-old  THO- grown  tobacco  plants  showed  that  young  stem 
tissue  did  not  attain  as  high  a  THO  concentration  as  older  stem  sections,  and 
that  various  parts  of  the  inflorescence  assume  THO  concentrations  inter¬ 
mediate  between  those  of  the  stem  and  the  mesophyll  (Figure  XII- 7).  Also, 
within  a  given  leaf  the  leaf  base  reaches  higher  C/Cq  values  than  the  leaf 
apex  (Figure  XII-8).  These  observations  can  be  hypothetically  explained  by 
the  formulation  just  developed.  According  to  this  formulation,  any  factor 
affecting  the  vapor  pressure  of  the  atmosphere  surrounding  the  leaf  and  that 
of  the  tissue  water  itself  would  tend  to  influence  C/Cq  at  steady  state.  If 
the  atmospheric  vapor  pressure  is  controlled,  C/CQ  would  vary  from  variations 
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in  the  vapor  pressure  of  the  tissue  itself.  This  may  be  due  either  to  differences 
in  leaf  temperatures  or  to  differences  in  tissue-water  potential.  Leaf 
temperature  is  affected  by  ambient  temperature,  incident  radiation,  and 
transpiration  rate.  It  is  well  known  that  leaf  temperatures  may  vary  widely 
on  different  parts  of  a  plant  (9)  and  possibly  even  within  one  leaf.  Such 
differences  are  also  found  in  tissue-water  potential,  but,  since  large  changes 
in  potential  are  associated  with  small  changes  in  vapor  pressure,  this 
variation  is  of  lesser  importance.  Since  neither  leaf  temperature  nor 
tissue-water  potential  is  constant  at  all  points  in  a  given  plant,  we  should 
not  expect  to  C/Cq  values  at  these  various  points  to  be  the  same.  A  leaf 
of  higher  temperature  should  be  expected  to  attain  a  higher  C/Cq  value  than 
a  leaf  of  lower  temperature.  Young  tissues  tend  to  have  higher  transpiration 
rates  than  older  leaves  (5),  and  therefore  possibly  lower  temperatures. 

No  detailed  measurements  of  plant  temperature  were  made  during  the 
investigations  reported  here.  However,  leaf  temperatures  were  measured 
when  the  composition  of  the  transpired  vapor  was  determined.  At  1400  hours 
when  the  transpiration  rate  decreased  abruptly  an  increase  in  temperature 
of  2°  occurred.  At  the  same  time  THO  in  the  transpired  vapor  increased 
substantially. 

The  above  discussion,  supported  by  the  observations  that  leaf  meso- 
phyll  can  equilibrate  with  external  THO  concentration  around  the  roots 
(Figure  XII-9)  and  that  an  excised  leaf  would  lose  its  THO  content  completely 
to  saturated  HHO  water  vapor  (Figure  XII- 12),  contradicts  the  existence  in 
the  leaf  of  a  sizable  fraction  of  water  that  is  inaccessible  to  turnover. 

Some  evidence  for  preferential  water  pathways  in  the  leaf  can  be 
obtained  from  data  on  the  pattern  of  increase  of  THO  in  the  mesophyll  of 
leaves  transpiring  into  dry  air  (Figures  XII-9  and  XII- 10).  The  THO  concen¬ 
tration  was  lower  in  transpired  vapor  than  in  tissue  water.  This  could  have 
resulted  from  unexpelled  HHO  in  the  chamber  and  tubes  during  the  early 
part  of  the  experiment.  However,  such  HHO  still  trapped  in  the  system  would 
have  been  removed  at  a  faster  rate  than  that  indicated  in  Figure  XII-9.  There¬ 
fore,  it  is  possible  that,  under  the  prevailing  high  transpiration  rates,  water 
with  a  lower  THO  concentration  than  that  in  composited  leaf  water  was  first 
to  be  withdrawn  by  transpiration.  This  possibility  is  supported  by  Figure 
XII- 10,  which  shows  that  the  THO  concentration  of  the  vapor  being  lost  into 
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dry  air  during  transpiration  depends  on  the  air  velocity  in  the  chamber,  and 
therefore  on  the  transpiration  rate  itself.  THO  concentrations  were  always 
higher  at  low  flow  rates  than  at  rapid  flow  rates.  This  relation  may  be  ex¬ 
plained,  but  further  experimental  support  is  necessary.  At  high  transpiration 
rates,  the  transpired  vapor  may  contain  water  with  a  low  THO  concentration 
derived  from  the  mesophyll  cells  during  a  partial  leaf  dehydration.  At  low 
transpiration  rates,  the  contribution  is  proportionately  larger  from  veins 
containing  a  high  concentration  of  THO,  increasing  the  THO  concentration  in 
the  transpired  vapor.  This  interpretation  could  be  confirmed  by  data  (not 
yet  available)  on  the  THO  concentration  in  the  mesophyll  throughout  the 
experiment. 

Since  only  tissue  water  and  transpired  water  vapor  were  analyzed  in 
these  experiments,  nothing  can  be  said  concerning  the  capture  of  tritium  by 
metabolic  substrates.  Such  a  capture  would  be  accelerated  by  the  transport 
of  tritiated  metabolites  to  storage  sites  or  other  locations  where  respiration 
may  or  may  not  break  tritium  bonds.  A  certain  percentage  of  the  translocated 
and  subsequently  respired  tritium  would  be  reincorporated  into  other  materials. 
This  circulation  of  tritium  in  the  plant  was  not  studied  during  these  experi¬ 
ments.  However,  Cline  (4)  has  shown  that  the  amount  of  incorporated  tritium 
in  young  Phaseolus  plants  is  generally  small  in  comparison  with  the  amount 
of  tritium  in  the  incoming  water. 

Usefulness  of  Tritium  as  a  Tracer  for  Plant  Water  Movement 

The  value  of  a  material  as  a  tracer  depends,  of  course,  on  the  degree 

to  which  it  behaves  like  its  analog.  For  a  number  of  reasons,  no  better 

1 8 

single  tracers  than  DHO,  THO,  or  will  probably  be  found  for  following 

water  movement  in  organisms.  Since  these  materials  are  little  ionized  and 
their  mass  ratios  with  respect  to  their  common  analog  are  not  far  from  one, 
only  a  5-10  percent  difference  in  tneir  rates  of  diffusion  would  be  expected 
on  the  basis  of  physical  considerations. 

Interpretation  of  the  rates  of  water  movement  from  the  behavior  of 
these  tracers  is  likely  to  be  straightforward  only  so  long  as: 

1.  Only  mass  flow  or  self-diffusion  is  occurring. 

2.  Little  or  no  exchange  occurs  en  route. 

3.  The  porous  medium  has  a  fixed  pore -size  distribution. 

4.  Dead-end  pores  or  inaccessible  compartments  are  either  absend 
or  have  a  known  effect. 
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5.  Conditions  are  at  least  quasi- steady- state. 

Living  organisms,  and  specifically  higher  plants,  present  a  complex 
medium  for  the  flow  of  water.  They  present  a  gamut  of  pore  sizes  ranging 
from  the  relatively  large  pores  of  conducting  tissues  to  the  much  smaller 
pores  of  protoplasmic  membranes.  Each  cell  contains  several  regions  of 
basically  different  physical  characteristics,  such  as  the  cell  wall,  the 
cytoplasm,  and  the  vacuole.  Furthermore,  steady- state  conditions  are 
cyclicly  disturbed  by  endogenous  and  environmental  factors.  For  these 
reasons,  it  is  obvious  that  none  of  the  above  conditions  can  be  met  exactly, 
and  as  a  consequence,  the  interpretation  of  tracer  experiments  will  not  be 
simple.  Difficulties  in  the  interpretation  of  water-tracing  experiments  are 
actually  due  not  so  much  to  differences  between  the  tracer  molecule  and 
water  as  to  the  large  measure  of  similarity  between  them.  For  example, 
if  we  were  to  measure  flow  rates  in  just  the  xylem,  the  tracer  selected 
should  not  diffuse  laterally  during  transport  or  exchange  into  the  structural 
molecules  of  the  xylem.  THO  or  other  water  tracers,  like  water,  obviously 
cannot  meet  this  requirement. 

When  assessing  the  usefulness  of  tritium  as  a  tracer,  the  objectives 
of  the  study  must  be  clear.  THO  cannot  be  used  for  exact  prediction  of  the 
precise  rates  of  net  water  movement.  However,  because  its  behavior  is 
similar  to  that  of  water  molecules,  its  quasi- steady- state  distribution  in  the 
tissue  and  variations  in  this  distribution  can  yield  important  information 
concerning  the  pathways  of  water  movement  in  plant  tissues  and  the  factors 
that  can  regulate  and  control  these  pathways  (3).  Experiments  with  THO 
should  be  designed  with  these  conditions  in  mind. 

SUMMARY 

The  distribution  of  THO  in  sunflower  plants  in  light  with  roots  in  THO 
was  studied  as  a  function  of  time.  In  one  12-hour  light  period,  THO  concentra¬ 
tions  in  the  stem  tissue  and  petioles  of  mature  leaves  approached  equality 
with  the  THO  concentration  of  the  nutrient  solution.  The  increase  in  concen¬ 
tration  in  the  stem  as  a  function  of  distance  from  the  root- stem  junction 
was  exponential. 

The  approach  to  equality  was  much  slower  in  the  terminal  several 
nodes  and  the  internodes  that  were  still  elongating  and  in  tissue  that  was 
still  expanding.  In  fact,  the  apical  two  nodes  and  internodes,  bracts, 
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inflorescence  parts,  and  seeds  never  reached  equilibrium  even  when  the  plants 
had  been  grown  from  seed  to  seed  maturity  in  THO. 

The  THO  concentration  of  the  external  medium.  Although  the  veins 
themselves  equilibrated  in  a  manner  similar  to  that  of  the  mature  stem  and 
petiole,  the  interveinal  tissue  did  not  reach  THO  equality  with  major  veins, 
the  stem,  or  external  solution.  The  tissue  water  of  the  interveinal  tissue 
was  stable  for  long  periods  at  70%  of  external  concentration.  The  results 
obtained  were  similar  in  pattern  in  sunflower  and  tobacco. 

The  THO  in  leaf-tissue  water  and  vapor  transpired  by  the  canopy  of  an 
intact  sunflower  plant  raised  from  seed  in  THO  and  treated  with  a  stream  of 
dry  air  inside  a  closed  chamber  increased  over  a  12-hour  period.  At  the  end 
of  this  period,  interveinal  tissue  water  and  THO  in  the  transpired  vapor 
reached  95%  of  external  concentration  about  the  roots.  It  was  also  shown 
that  the  lack  of  equilibration  in  interveinal  tissue  may  be  due  to  vapor  ex¬ 
change  between  the  leaf  and  the  surrounding  unlabeled  vapor  of  the  atmos¬ 
phere.  The  results  contradict  the  reported  existence  of  a  sizable  fraction  of 
tissue  water  that  is  inaccessible  for  turnover. 
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Figure  XII- 1  Absorption  of  THO  from  vapor  by  tissues  of  7-day-old  HHO- 

grown  sunflower  seedlings  and  water  guttated  by  them  compared 
to  the  THO  content  (C)  of  THO-grown  seedlings  of  the  same 
age.  C0  represents  external  THO  concentration  for  THO- 
grown  seedlings. 
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HOURS  ELAPSED 

Figure  XII- 2  Influx  and  efflux  of  THO  in  stem  tissue  of  THO-  and  HHO- grown 
sunflower  plants  30  days  old.  Influx  preceded  efflux  in  HHO- 
grown  plants.  Efflux  preceded  influx  in  THO- grown  plants. 
Measurements  were  made  on  2-cm-long  sections  of  stem 
tissues  at  8  cm  and  24  cm  heights. 
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Figure  XII- 3  Influx  and  efflux  of  THO  in  veins  of  THO-  and  HHO- grown 

sunflower  plants  30  days  old.  Influx  preceded  efflux  in  HHO- 
grown  plants.  Efflux  preceded  influx  in  THO- grown  plants. 
Veins  were  taken  from  leaves  at  heights  of  8  and  24  cm. 
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Figure  XII-4  Influx  and  efflux  of  THO  in  mesophyll  of  THO-  and  HHO-grown 
sunflower  plants  30  days  old.  Influx  preceded  efflux  in  HHO- 
grown  plants.  Efflux  preceded  influx  in  THO-grown  plants. 
Mesophyll  samples  were  taken  from  leaves  at  heights  of  8  and 
24  cm. 
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STEM  DISTANCE ,  CENTIMETERS 

Figure  XII-6  Gain  of  THO  by  meaophyll  of  HHO-grown  » unflower  plants  80 
day*  old  with  roots  submerged  in  THO  over  an  8-day  period. 
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Figure  XU- 7  Distribution  of  THO  in  various  tissues  of  THO- grown  tobacco 
plants  80  days  old. 
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Figure  XII-8  Amount  of  THO  in  tissue  water  of  leaf  discs  from  THO-grown 
tobacco  80  days  old.  Mesophyll  islands  refers  to  discs  taken 
between  the  major  lateral  leaf  veins  of  a  fully- expanded  leaf 
half  way  up  the  stem. 
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Figure  XII- 9  Relation  between  transpiration  rate  and  THO  activity  of  trans 
pired  water  vapor  from  sunflower  plants  confined  in  a  closed 
chamber  with  dry  air  admitted  at  a  rate  of  13  liters/min. 
Plants  illuminated  with  800  ft-c  throughout  the  experiment. 
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Figure  XII- 10  Trend  of  THO  activity  in  water  vapor  transpired  from  leaves 
of  THO- grown  tobacco  plants  in  a  closed  chamber  (9-liter 
volume),  800  ft-c,  and  dry  air  entering  at  various  rates  for 
contiguous  periods  of  10  minutes  preceded  by  1  hr.  at  the 
given  flow  rate. 
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Figure  XII- 1 1  Absorption  of  THO  (C)  from  vapor  by  shoot  tissues  of  HHO- 
grown  sunflower  plants  of  increasing  age.  Co  represents 
external  THO  concentrations  of  the  growing  medium  supplied 
to  adjacent  THO- grown  plants. 
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Figure  XII- 12  Efflux  of  THO  from  leaves  of  THO-grown  sunflowers  into 

aaturated  vapor  of  THO  and  HHO  at  20°C  under  diffuse  light. 
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CHAPTER  XIII 


THE  MEASUREMENT  AND  DESCRIPTION  OF  INFILTRATION 
INTO  UNIFORM  SOILS 

D.  R.  Nielsen,  J.  M.  Davidson,  and  J.  W.  Biggari/ 

Fluid  movement  in  porous  media  is  perhaps  one  of  the  most  conse¬ 
quential  phenomena  governing  the  activities  of  the  human  race.  The  under¬ 
standing  and  description  of  fluid  moving  within  porous  media  therefore  shares 
an  interest  with  many  fields  other  than  agriculture.  In  agriculture,  it  is 
necessary  to  know  changes  in  soil  water  content  throughout  the  year  under 
the  influence  of  rainfall  or  irrigation,  evapo-transpiration,  and  drainage. 

To  predict  water  content  changes,  a  mathematical  description  of  the  physi¬ 
cal  processes  involved  should  be  obtained.  It  is  the  purpose  of  this  paper 
to  present  experimental  data  for  water  moving  through  soils  and  to  examine 
how  well  existing  mathematical  equations  describe  the  water  movement. 

The  mathematical  equations  used  in  this  investigation  are  those  commonly 
employed  in  present  day  research  in  soil-water  movement.  Because  the 
derivation  of  these  equations  are  generally  understood  by  many  investigators, 
it  is  usually  not  necessary  to  redevelop  them.  However,  in  this  manuscript 
it  is  convenient  to  have  all  derivations  including  pertinent  assumptions  closely 
at  hand  since  the  primary  purpose  of  this  study  is  to  scrutinise  and  compare 
the  theoretical  and  experimental  behavior  of  a  soil-water  system.  With  the 
exception  of  two  non- agricultural  porous  materials  [Youngs,  1957]  ,  no  work 
under  constant  environmental  conditions  of  the  laboratory  has  been  reported 
involving  this  description  of  water  moving  vertically  downward  through  soils. 

The  simplest  type  of  fluid  flow  exists  when  the  medium  is  saturated 
or  all  pores  are  filled  with  the  same. fluid.  For  saturated  sand,  Darcy  (1856) 
observed  a  linear  relation  between  the  volume  flux  of  water  and  the  gradient 
of  the  hydraulic  head.  A  generalisation  made  from  that  observation  is 
Darcy’s  Law: 

v  =  -K  v"  <t>  (1) 


\/  The  contents  of  this  chapter  have  been  submitted  for  publication  in 
-  Hilgardia,  a  publication  of  the  California  Agricultural  Experiment  Station. 
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where  1<  is  the  hydraulic  head  (L),  v  is  the  volume  flux  of  water  (LT"*)  and 
K  the  proportionality  constant  (LT*^)  commonly  called  hydraulic  conductiv¬ 
ity.  This  relation  has  received  general  acceptance  for  hydraulic  gradients 
when  laminar  flow  exists  under  steady-state  conditions. 

The  more  complex  but  most  common  type  of  fluid  flow  in  agriculture 
is  that  which  takes  place  through  soil  partially  filled  with  water.  Because 
the  soil  pores  not  only  contain  water  but  also  air  and  other  gases  and  vapors, 
water  movement  is  complicated  by  their  presence.  The  air  phase  may  be  at 
pressures  above  or  below  atmospheric  pressure  regardless  of  its  continuity 
of  distribution  within  the  soil.  The  pressure  of  the  soil  water  is  related  to 
the  surface  tension  and  the  radii  of  curvature  present  at  the  air-water  inter¬ 
faces  within  the  partially  filled  pores  of  the  soil.  This  relation  is  not  analytic 
owing,  among  other  things,  to  the  presence  of  dissolved  constituents  in  the 
soil  water.  Nevertheless,  progress  has  been  made  by  assuming  that  a  definite 
relation  exists  between  the  soil  water  content  and  the  soil  water  pressure. 

By  definition,  soil  water  pressure  is  equal  to  that  gauge  pressure  to  which 
water  must  be  subjected  in  order  to  be  in  hydraulic  equilibrium,  through  a 
porous  permeable  wall,  with  the  water  in  the  soil. 

Childs  and  Collis-George  (1950)  performed  an  experiment  to  test  the 
validity  of  Darcy’s  Law  for  unsaturated  flow.  By  measuring  the  flux  of  water 
passing  through  partially  saturated  columns  oriented  to  several  positions 
between  the  vertical  and  horizontal,  they  concluded  equation  (1)  was  valid 
for  steady-state  conditions.  For  unsaturated  flow,  the  hydraulic  conductivity 
is  commonly  called  the  capillary  conductivity  (Richards,  1952). 

In  1931,  Richards  used  equation  (1)  in  the  equation  of  continuity: 


a(p«) 

“cFt — 


pv 


(2) 


3-3  -3 

where  0  is  the  water  content  (L  L  ),  and  p  the  fluid  density  (ML  )  and  t 
the  time.  It  was  assumed  that  changes  in  water  content  and  pressure  would 
take  place  slow  enough  so  that  a  steady  state  relation  used  in  equation  (2) 
could  describe  the  soil  water  system.  The  use  of  equation  (1)  in  (2)  yields; 


.  (Kpv*) 
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For  soils,  the  hydraulic  head  is  generally  considered  the  sum  of  two 
terms,  0  +  x,  where  6  is  the  soil  water  pressure  head  and  x  the  gravitational 
head.  It  has  been  mathematically  convenient  to  consider  the  fluid  density  p 
constant  and  that  a  single-valued  relation  exists  between  water  content  and 
soil  water  pressure.  This  consideration  allows  the  water  content  6  to  be  the 
dependent  variable  of  equation  (3).  Recognizing  hysteresis  is  most  evident 
in  the  water  content-pressure  relation  between  wetting  and  drying  processes, 
Childs  and  Collis-George  (1948)  introduced  the  following  mathematics  for  a 
wetting  process  or  a  drying  process,  but  not  for  both  processes  together: 

K(fl)  -  K(  0)  dQp..  D(ft)^  (4) 

where  D(0)  is  called  the  soil  water  diffusivity.  The  capillary  conductivity 
K(0)  is  assumed  to  be  a  single-valued  function  of  0.  Some  evidence  that 
supports  the  use  of  this  assumption  has  been  found  by  Nielsen  and  Biggar 
(1961).  Substituting  the  soil  water  diffusivity  in  equation  (3)  for  flow  in  the 
x-direction  downward  we  have: 


80  __  8 

It  S 
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(5) 


For  horizontal  movement  the  last  term  on  the  right-hand- side  of 
equation  (5)  is  omitted  as  it  represents  the  external  body  force  gravity. 
Without  gravity,  equation  (5)  takes  the  identical  form  of  the  well-known 
diffusion  equation,  where  the  diffusivity  D(0)  is  concentration  dependent. 

This  does  not,  however,  imply  that  the  mechanism  of  fluid  movement  is 
diffusion  in  the  same  sense  as  diffusion  in  gases,  liquids,  or  solids  due  to 
random  molecular  motion.  The  diffusion  equation  is  commonly  used  to 
describe  soil  water  problems  because  of  the  ease  of  measuring  water  contents 
and  its  solutions  are  analogous  to  ordinary  diffusion  or  heat  flow  equations. 

This  paper  will  present  data  for  water  at  below  atmospheric  pressure 
entering  air-dry  soils.  Measured  soil  water  profiles  for  vertical  and  hori¬ 
zontal  columns  will  be  compared  with  those  calculated  from  the  solution  of 
equation  (5).  Also  presented  is  a  method  of  measuring  capillary  conductivity 
for  different  water  contents. 
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THEORETICAL 

Horizontal  and  Vertical  Soil  Water  Profiles 

Philip  (1955- 1957a)  has  presented  a  numerical  solution  of  equation  (5) 
for  infiltration  into  a  semi-infinite  homogeneous  soil  column  either  in  the 
vertical  or  horizontal  position.  The  initial  soil  water  content  is  assumed  con¬ 
stant  with  depth,  and  during  the  wetting  process  it  is  assumed  that  a  greater 
constant  water  content  exists  at  the  soil  surface.  Thus,  we  have 

0  On,  t  =  0,  x  >  0 
0  - 0o,  t  >  0,  x  *  0 

where  0  o  >  On.  For  these  boundary  conditions,  the  solution  of  equation  (5) 
for  the  vertical  case  is 

x  -  A(0)t1//2+  ,v(0)t+  >1,(0) t3/2+  «..(  0 )t2  +  ...  (7) 

where  A  ,  \,  >!>,  to,  etc.  are  single-valued  functions  of  0  to  be  determined  by 
the  numerical  analysis  of  Philip. 

For  the  horizontal  case,  the  first  term  of  the  right-hand- side  of 
equation  (5)  is  the  only  one  used  leaving  the  solution 

x  -  A(  ^)t1//2  (8) 

Equation  (5)  with  its  solution  (7)  or  (8)  may  describe  soil  water  movement 
provided  certain  assumptions  are  fulfilled,  in  addition  to  those  made  pre¬ 
viously.  (1)  There  must  be  no  rearrangement  of  soil  particles  upon  wetting; 
(2)  The  air  movement  does  not  influence  the  water  movement.  This  con¬ 
dition  requires  water  movement  to  be  analogous  to  heat  flow  where  considera¬ 
tion  is  given  to  only  a  single  phase;  (3)  The  properties  of  the  water  are 
uniform  regardless  of  the  position  occupied  by  water;  (4)  An  isothermal 
condition  exists. 

If  all  the  assumptions  and  boundary  conditions  are  fulfilled,  a  A  single¬ 
valued  in  0  satisfying  equation  (8)  can  be  found  experimentally.  If  a  constant 
water  content  may  be  visually  observed  at  the  wetting  front  of  a  horizontal 
column,  the  distance  to  the  wetting  front  divided  by  the  square  root  of  time 
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should  yield  the  constant  value  A.  Still,  a  better  means  of  ascertaining  the 
existence  of  a  unique  A  versus  6  relation  is  to  measure  the  water  content 
distribution  in  a  horizontal  column  at  different  times.  If  A (d)  exists,  plots 
of  x/t1/2  versus  0  will  be  identical  for  all  times. 

Equation  (7)  provides  a  theoretical  formula  for  obtaining  a  curve  of  x 
versus  Q  for  comparing  calculated  and  experimental  values  of  water  con¬ 
tent  in  vertical  columns.  Another  expression  is  needed  for  the  net  amount 
of  water  that  infiltrates  into  the  soil  surface.  Upon  integrating  with  respect 
to  0  and  differentiating  with  respect  to  t,  equation  (7)  becomes 

vQ  1/2  t'l/2  JA  +  f*  +  Kn  +  3/2tl/2  +  .  .  .  (9) 

where  f  ~  Ad 0,  f  -  j/°  xd0,  f  //  U6,  etc.  (10) 

n  *  n  v  n 

The  term  i»  the  capillary  conductivity  for  the  water  content  0 n-  For 
boundary  condition  (6)  to  be  maintained  (  0  0  n  to  great  depth),  a  flux  equal 

to  must  be  supplied  at  the  soil  surface  in  addition  to  that  derived  from 
equation  (7). 

Knowing  the  infiltration  velocity  vq,  the  volume  of  water  per  unit  area 
which  has  infiltrated  into  the  profile  at  time  t  is 

i  =-  v  dt  (11) 

o  o 

or  in  view  of  equation  (9)  it  is 

1  -  tl/2  4  +t  +  Kn'  +tV%  +  -‘-  (12) 

The  right -hand -side  of  equation  (12)  gives  the  water  stored  in  the  profile 
plus  that  which  has  leaked  out  the  bottom  of  the  profile  at  great  depth. 

Equations  (7),  (9),  (11)  and  (12)  are  asymptotic  infinite  series,  that  is, 
they  fail  to  converge  for  large  values  of  t.  For  these  values  a  decreasing 
exponential  curve  is  matched  to  that  obtained  by  equation  (9).  The  exponen¬ 
tial  curve  assumed  for  times  greater  than  t^  minutes  is 

vq  =  Kq  +  (Vj  -  Kq)  exp  [  -  a  (t-t  j )  1 


(13) 
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where  a  is  a  constant  to  be  obtained  and  V.  is  the  value  of  v  at  t  >  t.  minutes. 

1  o  l 

To  obtain  a  the  derivative  of  equation  (13)  at  t  »  t^  minutes  yields  the  value  of 
the  slope  -  a(V^  -  Kq)  which  is  equal  to  derivative  with  respect  to  t  of  equation 
(11).  The  value  of  the  derivative  of  (11)  is  known  and  hence,  n  may  be  calcu¬ 
lated.  Thus,  equations  (9)  and  (13)  supply  a  single  theoretical  curve  of  vq 
versus  t  for  all  times.  Integration  of  vq  with  respect  to  t  yields  the  cumula¬ 
tive  infiltration.  For  t  <  t^  equation  (12)  applies.  For  t  >  t^,  integration  of 
equation  ( 1 3 )  yields  the  following  cumulative  infiltration  expression: 

f}  v  dt  K  (t  -  t.)  +  i(V,  -  K  )  (1  -  exp  [  -«(t  -  t.)l)  (14) 

l^ooiaio  * 

A  theoretical  expression  for  x  versus  0  for  times  greater  than  tj  minutes 
corresponding  to  equation  (7)  is  obtained  by  assuming  that  the  shape  of  the  pro¬ 
file  for  these  times  is  the  same  as  that  when  time  is  infinite,  Philip  (1957c). 

If  the  profile  between  0q  and  0^  is  assumed  to  be  linear,  x^  (associated  with 
0^ )  may  be  computed  from  equation  (9)  by 

i  »K  t+  /!'  x«d®  +  x.  (n  -  l/2)5fl  (15) 

no  i 

n 

where  x~  is  the  distance  defined  by  x  =  x^  +  xi  .  The  value  of  i  is  known 
theoretically  for  any  time  from  equation  (12)  and  (14).  Once  x^  is  found,  the 
entire  soil  water  profile  is  known  for  any  time,  it  is  the  shape  and  position 
of  these  calculated  profiles  that  will  compare  to  the  experimental  profiles 
measured  in  the  laboratory  for  the  vertical  cases. 

Capillary  Conductivity 

For  large  times  and  boundary  conditions  (6)  for  the  vertical  case  the 
value  of  the  infiltration  velocity  approaches  that  of  Kq  as  seen  in  equation 
(13).  Physically,  for  these  large  times,  a  constant  water  content  0q  estab¬ 
lishes  itself  over  that  portion  of  the  profile  near  x  =  0.  For  infiltration,  where 

0  •>  0,0  may  take  on  any  value  of  an  unsaturated  to  saturated  condition, 

o  n  o  7  3  3 

For  example,  if  0Q  were  0.35  cm  /cm  ,  the  infiltration  velocity  would  approach 
K  ,  the  capillary  conductivity  at  a  water  content  of  0.35  cm  /cm  . 

It  is  of  interest  to  notice  for  these  times  that  a  steady-state  condition 
exists  in  the  upper  part  of  the  profile.  Thus,  it  is  only  necessary  to  assume 
equation  (1)  is  valid,  not  equation  (5).  This  method  of  obtaining  the  capillary 
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conductivity  is  similar  but  experimentally  less  difficult  to  perform  that  that 
presented  by  Childs  and  Collis-George  (1950). 

EXPERIMENTAL 

The  porous  materials  were  Columbia  solt  loam,  a  recent  alluvial  soil 
bordering  t  i  Sacramento  River;  and  Hesperia  sandy  loam,  derived  mainly 
from  granitic  alluvial  sediments  and  occupying  evenly  sloping  alluvial  fans  in 
the  Bakersfield  area. 

Air-dried  soils  sieved  to  pass  1  mm  screen  were  packed  into  clear 
plastic  cylinders  3.2  cm  in  diameter,  composed  of  1  cm  wide  sections.  The 
sections  were  supported  in  a  V-shaped  container  made  from  a  4”  x  6”  piece 
of  lumber.  To  uniformly  pack  the  column,  soil  was  added  in  small  amounts 
through  a  1.5  cm  powder  funnel  connected  to  a  1  cm  diameter  rubber  tube. 

The  rubber  tube  rested  on  the  top  of  the  previously  added  soil  and  as  more 
soil  was  added,  the  funnel  and  tube  was  raised  and  rotated  simultaneously. 
After  each  addition  of  soil,  the  wood  container  that  held  the  plastic  column 
was  systematically  tapped  with  a  rubber  mallet. 

The  water  used  in  all  experiments  was  0.01  N  CaSO^  made  from  de¬ 
aerated  distilled  water.  The  pressure  of  the  water  entering  the  soils  was 
controlled  by  a  fritted  glass  bead  plate  described  by  Nielsen  and  Phillips 
(1958).  The  plate  was  filled  with  water  and  the  desired  pressure  applied  prior 
to  placing  the  plate  in  contact  with  the  porous  material.  Using  the  constant 
head  buret  shown  in  Figure  XIII- 1,  the  pressure  at  x  =  0  was  precisely  con¬ 
trolled.  Measurement  of  time  in  all  experiments  commenced  the  instant 
contact  was  established  between  the  wetted  plate  and  the  soil.  For  each  run 
the  pressure  was  held  constant  at  the  value  existing  when  the  initial  con¬ 
tact  was  made.  The  pressure  drop  across  the  plate  and  the  soil-plate  inter¬ 
face  was  initially  in  the  order  of  0.1  millibars  and  diminished  to  lesser 
values  for  longer  times.  This  small  pressure  drop  was  made  possible  by 
using  different  size  fritted  beads  and  always  using  the  fritted  bead  plate 
that  remained  just  saturated  at  the  desired  pressure.  It  will  be  shown  in 
figures  to  be  presented  that  the  water  content  at  x  =  0  remained  constant 
for  all  observed  times.  This  condition  is  required  for  the  solution  of  the 
equation  (5)  using  boundary  conditions  (6). 

Water  entering  the  columns  was  measured  volumetrically  in  the 
constant  head  buret.  Measurements  of  distance  to  the  wetted  front  were 
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visually  observed.  When  flow  had  proceeded  for  a  desired  time  the  fritted 
plate  was  removed  from  the  soil,  the  column  was  segmented,  and  the  water 
content  of  each  1  cm  section  gravimetrically  determined.  These  gravimetric 
values  were  converted  to  »  using  the  average  bulk  density  of  the  entire  col¬ 
umn.  The  ability  to  pack  columns  to  equal  average  bulk  density  values  has 
been  discussed  previously  by  Nielsen,  et  al.  (1962). 

Boundary  conditions  (6)  were  imposed  on  both  horizontal  and  vertical 
soil  columns.  A  complete  discussion  of  the  experimental  boundary  condi¬ 
tions  for  horizontal  flow  through  the  soils  of  this  study  and  other  porous 
materials  has  been  presented  (Nielsen,  et  al.  1962).  Some  of  these  data  for 
horizontal  flow  through  Columbia  and  Hesperia  will  be  given  here  to  make 

calculations  of  and  comparisons  with  vertical  profiles.  The  initial  water 

3  3 

contents  0  of  Columbia  and  Hesperia  soils  were  0.031  and  0.026  cm  /cm  , 
n 

respectively.  Values  of  #  will  be  given  in  the  RESULTS.  For  these  values, 
the  soil  water  pressure  at  x  0  ranged  between  -100  to  -2  mb.  The  length 
of  time  tQ  during  which  boundary  condition  (6)  was  maintained  before  gravi¬ 
metrically  determining  the  soil  water  distribution  ranged  from  a  few  minutes 
to  three  weeks. 

Capillary  conductivity  measurements  were  made  on  Columbia  soil  by 

the  method  outlined  in  the  THEORETICAL.  Values  of  0  maintained  by 

o 

pressures  of  -100,  -75,  -50,  ami  -2  mb  at  x  =  0  of  vertical  columns  were 

3  3 

0.325,  0.35,  0.425  and  0.45  cm  /cm  ,  respectively.  For  these  conditions, 
all  columns  were  allowed  to  wet  until  the  wetting  front  reached  a  depth  of 
75  cm.  For  all  cases  except  those  samples  wetting  at  -100  mb,  the  infiltra¬ 
tion  velocity  approached  a  constant  value  Kq.  These  values  of  capillary 
conductivity  will  be  compared  to  those  obtained  for  steady-state  conditions 
using  the  more  common  two-plate  method  (Richards,  1931). 

Soil  water  diffusivity  (defined  in  equation  (4))  versus  water  content 
relations  were  obtained  by  the  method  of  Bruce  and  Klute  (1956).  This 
method  is  based  upon  the  assumption  that  equation  (8)  exists  for  horizontal 
flow  under  conditions  (6).  Upon  intergration  of  equation  (5)  without  its 
right-hand  term,  the  soil  water  diffusivity  D  is  calculated  from  the  soil 
water  profiles  using  the  following  equation: 

w  '/  “** 

o  n 
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Soil  water  diffusivitv  values  were  obtained  for  both  Columbia  and  Hesperia 
soils  for  values  of  o  corresponding  to  -2  mb.  Diffusivity  relations  calcu- 
lated  for  other  values  of  0  have  been  reported  elsewhere  (Nielsen,  et  al., 
1962). 

Values  of  capillary  conductivity  for  Columbia  soil  at  water  contents 
less  than  0.30  cm^/cm^  were  calculated  using  the  method  of  Childs  and 
Collis-George  (1950).  These  values  together  with  those  determined  with 
equation  (13)  for  large  times  provided  a  complete  K  versus  0  relation. 

This  relation  together  with  the  diffusivity  data  above  was  used  to  obtain  the 
solution  of  equation  (5)  for  the  vertical  case.  For  the  Hesperia  soil,  the 
necessary  K  versus  0  relation  was  determined  from  the  above  diffusivity 
relation  and  the  soil  water  profile  developed  under  conditions  (6)  for  tQ=  97 
minutes. 

RESULTS 

Horisontal 

If  equation  (5)  is  capable  of  describing  soil  water  movement  for  condi¬ 
tions  (6),  a  A  single-valued  in  9  will  exist  (equation  (8)).  Thus,  any  water 
content  between  0  and  would  proceed  along  the  horisontal  proportionally 
to  the  square  root  of  time.  Under  the  experimental  conditions  of  this 
investigation,  two  means  are  available  to  ascertain  the  existence  of  a  unique 
A  versus  0  relation.  The  first  is  to  divide  the  distance  to  the  wetting  front 
by  the  square  root  of  time.  If  these  ratios  are  constant  during  the  experi¬ 
ment,  they  define  the  value  of  A  corresponding  to  the  water  content  imme¬ 
diately  ahead  of  the  wetting  front.  The  second  means  -  and  more  conclusive  - 
water  content  distributions  for  different  times  should  reduce  to  a  common 
A  versus  0  relation  if  the  distances  are  divided  by  the  square  root  of  the 
time  each  sample  was  allowed  to  wet.  For  Figure  XIII- 2  and  Figure  XIII- 3 
it  has  been  assumed  that  the  water  content  immediately  in  front  of  the 
visually  observed  wetting  front  is  constant  and  that  the  distances  to  the  wet¬ 
ting  front  divided  by  the  square  root  of  time  are  values  of  A  for  that  water 

3  3 

content.  For  Columbia  soil  where  9  at  x  =  0  equals  0.45  cm  /cm  ,  A 

-°l/2 

does  exist  at  a  value  of  2.75  cm  min  '  as  shown  in  Figure  XIII-2.  How- 

3  3 

ever,  for  9  -  0.425  and  0.325  cm  /cm  ,  a  constant  relation  does  not  exist, 
o 

Similar  results  were  found  for  Hesperia  soil.  For  0  -  0.385  corresponding 

°  •  -l/2 

to  an  applied  soil  water  pressure  of  -2  mb.,  A  was  1.92  cm  mm  '  .  For 
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smaller  values  of  0  ,  the  values  of  distance  to  the  wetting  front  divided  by 

square  root  of  time  decreased  during  the  experiment. 

After  water  had  entered  the  Columbia  soil  with  0  =  0.45  for  three 

o 

time  periods,  the  soil  water  content  distribution  with  distance  was  measured. 
These  distances  when  divided  by  the  square  root  of  each  corresponding  time 
period  t  ,  are  the  values  of  A  with  their  corresponding  water  contents  9 
described  by  equation  (8).  Equation  (8)  is  apparently  a  physical  reality  for 
the  Columbia  soil  water  system  given  in  Figure  XIII-4,  because  plots  of  the 
experimental  data  for  all  three  time  periods  yield  the  same  A  versus  6 
relation.  In  Figure  XIII-5  for  =  0.325,  the  A  versus  9  relation  is  not 
unique  for  three  time  periods.  Although  not  presented,  the  same  was  found 
for  0q  0.425.  A  comparison  of  the  values  of  A  in  Figure  XIII-2  and  those 
near  the  wetting  front  in  Figures  XIII-4  and  XIII-5  reveals  that  the  assump¬ 
tion  regarding  the  observation  of  a  constant  water  content  in  front  of  the 
wetting  front  is  reasonable. 

3  3 

Only  for  9  0.385  cm  /cm  (applied  soil  water  pressure  equal  to 

-2  mb)  was  there  a  unique  A  versus  0  relation  for  different  time  periods 

of  wetting  Hesperia  soil  (Figure  XIII-6).  When  the  soil  was  allowed  to  wet 

3  3 

at  a  smaller  pressure  producing  a  value  of  9q  equal  to  0.30  cm  /cm  ,  re¬ 
sults  similar  to  those  of  Columbia  were  measured,  i.e.  a  unique  A  versus 
9  relation  did  not  exist  (Figure  XIII- 7). 

Values  of  soil  water  diffusivity  were  calculated  (only  when  A  existed) 

from  the  measured  soil  water  distribution  curves  using  equation  (16). 

3  3 

Diffusivity  values  for  Columbia  soil  allowed  to  wet  at  9 q  =  0.45  cm  /cm 
are  plotted  against  water  content  in  Figure  XIII-8.  Values  for  Hesperia  soil 
which  was  wet  at  =  0.385  are  given  in  Figure  XIH-9.  The  successful 
prediction  of  horizontal  soil  water  movement  using  these  exact  relations 
has  been  reported  previously  (Nielsen,  et  al. ,  1962). 

Vertical 

Observations  of  the  wetting  front  advance  into  Columbia  silt  loam  and 

Hesperia  sandy  loam  for  both  horizontal  and  vertical  movement  are  given  in 

Figures  XIII- 10  and  XIII-11.  For  the  Columbia  soil  data  shown  in  Figure 

3  3 

XIII- 10,  the  values  of  9  were  0.45,  0.425,  0.35  and  0.325  cm  /cm  .  The 

o 

distance  the  wetting  front  advanced  in  the  vertical  direction  is  always  equal 
to  or  greater  than  that  in  the  horizontal  direction.  For  a  given  9  ,  the  initial 
rates  of  advance  are  identical  for  both  directions.  Similar  results  for 
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Hesperia  aoil  wet  at  0  equal  to  0.385  and  0.30  cm  /cm  are  given  in  Figure 
XIII-  11,  It  is  of  interest  to  observe  for  both  soils  that  the  effect  of  the 
gravitational  field  is  more  obvious  as  6  is  decreased.  For  example,  when 
water  entered  Columbia  soil  at  0.45  cm  /cm^,  the  time  required  for  the 
wetting  front  to  advance  50  cm  horizontally  was  1.4  times  greater  than  that 
vertically.  But  when  water  entered  at  0.425  and  0.325  cm  /cm  ,  the  time 
required  to  advance  50  cm  horizontally  as  compared  to  50  cm  vertically 
was  1.9  and  2.1,  respectively. 

Columbia  soil  water  profiles  developed  during  time  periods  of  64,  226, 

3  3 

and  467  minutes  where  6  was  0.45  cm  /cm  are  presented  in  Figure  XIII- 

12.  At  a  time  in  the  neighborhood  of  225  minutes,  a  constant  water  content 

over  approximately  the  first  30  cm  depth  is  established.  Profiles  for  0 

equal  to  0.425  cm  /cm  are  similar  except  that  the  times  involved  are 

greater.  A  time  greater  than  500  minutes  is  required  to  develop  a  ‘  0- 

straight’  (Philip  1957c)  at  0.425.  For  water  entering  at  the  least  water 
3  3 

content  of  0.325  cm  /cm  ,  a  ‘(9-straight'  is  being  approached  but  is  not 

established  after  30,200  minutes  of  nearly  3  weeks.  Hesperia  soil  water 

3  3 

profiles  developed  for  0 q  equal  to  0.385  and  0.30  cm  /cm  are  given  in 
Figures  XIII- 15  and  XIII- 16.  For  the  greater  water  content  a  '  0-straight’ 
exists  after  300  minutes  while  for  the  smaller  water  content  such  a  condi¬ 
tion  failed  to  completely  establish  for  the  deepest  profile. 

The  soil  water  profiles  shown  in  Figures  XIII- 12  through  XIII- 16  differ 
from  those  reported  by  Bodman  and  Colman  (1943)  which  have  been  the 
subject  of  considerable  discussion  (Baver,  1956;  Philip,  195 7d ;  Youngs, 

1957).  Their  profiles  were  S- shaped  having  a  sharp  reduction  in  soil  water 
content  a  few  centimeters  from  x  =  0.  The  profiles  given  in  this  paper  are 
not  S-shaped  and  without  exception  tend  to  develop  a  ‘  0-straight’  with  time. 

Capillary  conductivity  values  for  Columbia  soil  determined  by  the 
method  described  in  this  paper  and  by  the  two-plate  method  (Nielsen  and 
Biggar,  1961)  are  given  in  Table  XIII- 1.  Values  of  capillary  conductivity 
taken  equal  to  the  infiltration  velocities  measured  for  soil  columns  wet  to 
75  cm  depth  compare  favorably  with  those  obtained  using  the  two-plate 
steady- state  method.  The  method  provides  a  simple  means  of  obtaining 
capillary  conductivities  for  high  soil  water  contents  for  the  imbibing  pro¬ 
cess,  heretofore,  a  difficult  measurement  to  make. 
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Table  XIII- 1  Meaaured  values  of  capillary  conductivity  of  Columbia  silt  loam 
by  two  methods. 


The  capillary  conductivity  relation  for  Columbia  soil  measured  for  water 

3  3 

contents  between  0.45  to  0.30  cm  /cm  by  the  above  method  and  calculated  by 

the  method  of  Childs  and  Collia-Gcorge  (1950)  for  water  contents  less  than 
3  3 

.30  cm  /cm  is  given  in  Figure  XIII-8.  The  capillary  conductivity  relation 
of  Hesperia  sandy  loam  given  in  Figure  XIII-9  was  calculated  from  the  soil 
water  profile  for  t  97  minutes  presented  in  Figure  XIII- 15  by  the  method 
of  Philip  (1957b)  outlined  in  the  THEORETICAL. 

Figures  XIII- 17  and  XIII- 18  show  the  parameters  A,  y,  and  0  of  equation 
(7).  The  A  and  diffusivity  relations  are  those  obtained  from  the  horizontal 
flow  studies.  The  values  of  x  and  were  calculated  using  the  iterative  pro¬ 
cedure  of  Philip  (1955,  1957a).  It  should  be  noted  for  both  soils  that  the 
ordinate  scales  are  not  the  same  for  each  parameter  and  that  x  and  4>  are 
much  smaller  than- A. 


Figure  XIII- 19  presents  Columbia  soil  water  profiles  calculated  from 

the  above  parameters  for  infiltration  times  of  64,  226  and  467  minutes  for 
3  3 

0  equal  to  0.45  cm  /cm  .  Agreement  exists  between  the  measured  and 
theoretical  plots  for  all  three  infiltration  times.  For  Hesperia  soil  having 
0  equal  to  0.385,  the  soil  water  profiles  are  successfully  predicted  for 
infiltration  times  of  286  and  482  minutes  using  the  capillary  conductivity 
relations  calculated  from  the  profile  measured  at  97  minutes. 

Soil  water  profiles  given  in  Figures  XIII- 13,  XIII- 14  and  XIII- 16  could 
be  calculated  using  the  solution  of  equation  (5).  This  solution  depends  upon 
the  calculation  of  a  unique  A  versus  0  relation  based  upon  measurements 
made  on  the  horizontal  samples.  These  relations  were  not  unique  as  shown 
in  Figures  XIII- 5  and  XIII- 7. 
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DISCUSSION 

When  water  under  near  atmospheric  pressure  entered  Columbia  or 
Hesperia  soil,  soil  water  profiles  were  described  by  equation  (5)  subject  to 
(6)  for  both  the  horizontal  and  vertical  cases.  However,  when  the  soil  water 
pressure  was  reduced  causing  a  reduction  in  water  content  at  x  -  0,  soil 
water  profiles  neither  horizontal  nor  vertical  could  be  predicted.  The  fail¬ 
ure  of  the  equation  to  describe  horizontal  flow  for  these  soils  and  sandstone 
wet  with  not  only  water  but  oil  has  already  been  partially  discussed  (Nielsen, 
et  al.,  1962).  Based  upon  experimental  evidence  it  was  concluded  that  re¬ 
arrangement  of  soil  particles  or  clay  migration  or  swelling  could  not  account 
for  the  lack  of  agreement  between  the  measured  and  calcualted  profiles. 
Further  evidence  showed  that  bacterial  activity  was  not  responsible.  The 
above  would  suggest  that  assumption  (1)  given  in  the  THEORETICAL  section 
be  fulfilled. 

Consider  assumption  (2)  which  requires  water  movement  to  be  analogous 
to  heat  flow  where  only  a  single  phase  is  studied.  Experimentally,  the  cylinder 
that  supported  the  soil  being  composed  of  1  cm  segments  allowed  air  to  be 
displaced  between  those  segments  and  also  out  the  open  end  of  the  column.  It 
would  at  first  seem  logical  with  the  large  differences  in  viscosity  between 
that  of  water  and  air  that  this  assumption  might  be  fulfilled.  Miller  and  Miller 
(1955)  have  discussed  the  wetting  and  drying  of  soils  with  particular  emphasis 
given  to  hysteresis  occurring  in  a  single  pore  or  sequence.  The  heterogeneous 
nature  of  the  size,  shape,  composition  and  arrangement  of  soil  particles  com¬ 
plicates  the  task  of  physically  describing  the  addition  or  removal  of  soil  water 
at  different  rates.  The  contact  angles  between  the  water  and  the  various  sur¬ 
faces  would  vary  and  would  also  depend  upon  rate  of  movement  (Biggar  and 
Taylor,  I960).  The  discontinuity  of  air  and  the  possibility  of  its  displacement 
is  recognized  at  water  contents  near  saturation.  Once  continuous  air  passages 
exist  within  the  soil,  further  consideration  of  air  movement  has  been  generally 
neglected.  With  visual  observation  of  a  Christianson  filter  (Davidson,  et  al., 
1962)  having  air  as  one  of  its  fluids,  it  is  easily  recognized  that  the  water 
distribution  within  a  porous  material  is  not  unique  for  a  given  fluid  content. 
Depending  upon  the  position  of  the  source  of  air  and  the  rate  at  which  the  air 
is  allowed  to  displace  the  original  fluid,  different  fluid  distributions  occur. 

The  particular  distribution  of  air  within  the  mass  will  again  influence 
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subsequent  displacements.  In  the  transient  condition  of  soil  water  movement, 
a  sudden  emptying  of  a  relatively  large  pore  sequence  connected  to  the  bulk 
soil  mass  by  only  smaller  necks  or  openings  will  produce  a  disturbance  that 
persists  long  enough  to  influence  the  draining  of  other  pores  in  close  proximity. 
A  comparison  made  by  Elrick  (in  press)  of  transient  and  steady- state  water 
flow  in  unsaturated  sand  also  suggests  the  same  description.  A  suitable  experi¬ 
ment  to  perform  concerning  the  movement  of  the  second  phase  would  be  the 
following:  Subject  samples  of  equal  initial  water  content'  but  of  unequal  lengths 
to  identical  increments  of  applied  soil  water  pressure  and  observe  rate  of 
water  content  change.  In  addition,  for  equal  soil  lengths,  a  study  of  the  water 
content  relations  for  unequal  pressure  increments  applied  over  the  same 
pressure  range  would  yield  further  insight  to  the  problem.  It  is  also  possible 
to  study  water  movement  with  the  total  air  pressure  reduced  below  normal 
atmospheric  pressure  although  the  use  of  gases  other  than  air  would  probably 
be  more  convenient. 

The  third  assumption  states  the  properties  of  the  fluid  or  water  do  not 
vary.  It  seems  reasonable  from  work  such  as  that  of  Anderson  and  Low  (1958) 
that  the  physical  state  of  water  in  films  of  considerable  thickness  differs 
markedly  from  that  in  bulk  quantities.  The  presence  of  ions  in  the  soil  solu¬ 
tions  also  works  against  the  validity  of  this  assumption.  The  surface  proper¬ 
ties  of  the  soil  colloids  together  with  their  residual  charge,  are  responsible 
for  a  non-uniform  ion  distribution  within  the  liquid  phase.  Moreover,  these 
distributions  depend  upon  the  pore  diameter  or  the  liquid  film  thickness. 
Experimental  evidence  of  the  behavior  of  water  and  aqueous  solutions  flowing 
through  small  capillaries  of  great  length  would  be  helpful  in  ascertaining  the 
limits  of  applicability  of  this  assumption. 

Anderson  and  Linville  (1962)  have  measured  substantial  temperature 
fluctuations  in  initially  dry  porous  materials  during  water  infiltration.  For 
35  u  diameter  glass  beads,  the  accompanying  temperature  change  was  greater 
than  0.1°  C  while  for  bentonites  changes  have  been  measured  as  high  as  40°  C. 
Temperature  increases  of  2  to  5°  C  are  commonly  measured  on  air-dry  agri¬ 
cultural  soils.  Because  the  Columbia  and  Hesperia  soils  were  initially  air- 
dry,  it  would  be  expected  that  significant  temperature  fluctuations  occurred 
during  infiltration.  These  fluctuations  would  influence  the  water  movement 
to  a  greater  degree  as  values  of  0Q  became  substantially  less  than  saturation. 
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In  addition  to  the  above  assumptions,  it  is  worthwhile  to  compare  these 
experimental  data  with  previously  published  data.  Vertical  soil  water  profiles 
reported  by  Bodman  and  Colman  (1943)  and  horisontal  profiles  reported  by 
Bruce  and  Klute  (1956)  have  sharp  increases  in  water  content  near  x-  0.  This 
increase  is  not  peculiar  to  vertical  nor  horisontal  water  movement.  Such  an 
increase  is  not  found  in  Figures  XIII- 12  through  XIII- 16,  It  is  of  interest  to 
note  that  it  is  possible  to  produce  such  a  water  content  distribution  in  Columbia 
and  Hesperia  soils  with  the  apparatus  shown  in  Figure  XIII- 1.  By  merely 
initiating  flow  with  a  slight  instantaneous  positive  pressure  or  by  pinching 
off  the  flexible  tubing  of  the  porous  plate  to  cease  flow  at  time  tQ,  the  water 
content  near  x  -  0  is  increased.  Such  experimental  artifacts  demonstrate  the 
necessity  of  additional  carefully  planned  and  executed  experiments.  With 
such  information  at  hand,  the  physical  processes  revealed  could  be  described. 


Figure  XIII- 1.  Schematic  diagram  of  apparatus  used  for  horizontal  and 
vertical  soil  water  movement. 
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Figure  XIII- 2.  Values  of  *  determined  by  visual  distance  to  the  wetting  front 
divided  by  the  square  root  of  time  for  water  infiltrating  air- 
dry  Columbia  silt  loam  9  is  the  soil  water  content  at  x  -O, 
the  inflow  end  of  the  columSi. 
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Figure  XIII-3.  Values  of  *  determined  by  visual  distance  to  the  wetting  front 
divided  by  the  square  root  of  time  for  water  infiltrating  air- 
dry  Hesperia  sandy  loam. 
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Figure  XIII-4.  Values  of  *  for  Columbia  soil  determined  from  water  content 
distributions  measured  for  three  time  periods  of  infiltration 
with  e  -  0,45  cmVcmJ, 


245 


9  (cmVcm3) 


Figure  XIII-5.  Values  of  A  for  Columbia  soil  determined  from  water  content 
distributions  measured  for  three  time  periods  of  infiltration 
with  9  *  0  325  cm3/cm3.  Curves  A,  B,  and  C  correspond  to 

times  %  equal  to  441,  4182  and  28224  minutes,  respectively. 
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Figure  XIII-6.  ,XaluaA.of  A  for  Hesperia  soil  determined  from  water  content 
distributions  measured  for  three  time  periods  of  infiltration 
with  dQ  -  0.385  cm3/ cm3. 
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Figure  XIII- 7.  Values  of  *  for  Hesperia  soil  determined  from  water  content 
distributions  meaaurecLfor  two  time  periods  of  infiltration 
with  9  =0.30  cmV«n  ,  Solid  points  and  open  circles  re- 
preset  data  corresponding  to  times  t  equal  to  4820  and  23677 
minutes  respectively.  0 
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Figure  XIIL-B.  .Experimental  values  of  capillary  conductivity  K  and  soil  water 
diffusivity  D  for  Columbia  silt  loam  used  to  calculate  vertical 
soil  water  movement. 
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Figure  XHI-9.  Experimental  value*  of  capillary  conductivity  K  and  *oil  water 
diffusivity  D  for  Hesperia  sandy  loam  used  to  calculate  vertical 
soil  water  movement. 
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Figure  XIII- 10.  Distance  to  the  wetting  front  of  air  dry  Columbia  silt  loam 

versus  square  root  of  time  for  horizontal  and  vertical  movement. 
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Figure  Xni-11.  Distance  to  the  wetting  front  of  air-dry  Hesperia  sandy  loam 

versus  square  root  of  time  for  horizontal  and  vertical  movement. 
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Figure  Xm-12.  Columbia  foil  water  content  distributions  fc 
developed  in  air-dry  soil  with  dQ  *  0.45  cm 


tr  vertical  profiles 
/ cm  . 
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Figure  XIII- 13.  Columbia  soil  water  content  distributions  for  vertical  profiles 
developed  in  air-dry  soil  with  9q  «  0.425  cm3/cm  . 
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Figure  XIII- 14.  Columbia  soil  water  content  distributions  for  vertical  profiles 
developed  in  air-dry  soil  with  *  0.325  cmVcm  . 
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Figure  Xin-15.  Hesperia  soil  water  content  distributions  for  vertical  profiles 
developed  in  air-dry  soil  with  9q  -  0  385  cm3/cm  . 
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Figure  XIII-16.  Hesperia  soil  water  content  distributions  for  vertical  profiles 
developed  in  air-dry  soil  with  =  0.30  cm3/cm  . 
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Figure  XIII- 17.  Calculated  values  of  A,  X ,  and  0  defined  in  equation  (7)  for 
Columbia  ailt  loam. 


Figure  XIII-18.  Calculated  values  of  A,  X,  and  <A  defined  in  equation  (7)  for 
Hesperia  sandy  loam. 
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Figure  XIII- 19.  Calculated  and  meaeured  soil  water  profilee  for  air 

Columbia  soil  allowed  to  wet  at  8  -  0.45  cm3/cm  , 

o 


WATER  CONTENT  (cmVcm3) 


Figure  XIII- 20.  Calculated  and  measured  soil  water  profiles  for  air-dry 
Hesperia  soil  allowed  to  wet  at  6q  -  0.385  cm3/cm  • 
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APPENDIX  A 


LIST  UP  INSTRUMENTS  AND  TABLE  OF  PROPERTIES 
OF  DRY  AIR  AND  THE  WET-BULB  COMPUTATION 
OF  MOISTURE  CONTENT 


Table  A-l.  INSTRUMENT  LIST  FOR  RESEARCH  IN  HEAT  AND  MOISTURE  TRANSFERS 
Univereity  of  Calif.  Signal  Corps  Project 


Modee  of  Heat  Transfer  Symbol 


Instrument 


Eq.  #  page 
FAB  CHBP* 


RADIATION 
(above  eurface) 


net  exchange 


CONDUCTION 
(below  eurface) 


CONVECTION 
(eenaible  heat 
above  eurface) 


air  drag 


velocity  profilee 


temperature  profilee 
aeroeol  concentration 


MOISTURE  TRANSFER 

eoil  moisture  change  E^ 

soil  moisture  content 
moisture  profilee 


convection  above  surf, 

PHOTOSYNTHESIS 
above  surface 

RESPIRATION 

below  eurface  i 


3.  Soil  Thermometers 
(3a)  Plain  thermocouples 

(3b)  Suomi  distributed  resistance 
thermometera 

(3c)  Thermocouple  in  heat  flow  meter 

4.  Bt«  Heat  Flow  Meters 


5,  CSIRO  Eddy  Correlation  Meters 
(5a)  CSlftO  eddy  corr,  meter  for  momentum 
transfer 

(5b)  CSIRO  eddy  corr.  meter  for  dry-bulb  temp. 
(5c)  CSIRO  eddy  corr.  meter  for  wet-bulb  temp. 
Residual  heat  balance 

1 1.  Shear  Stress  Meters 
(l!a)  Floating  lysimeter 

(lib)  30-inch  Vehrencamp  meter 

12.  Anemometers 

(12a)  Cup  anemomstars  -Thornthwaite 
( 12b)  Cup  anemometers  -Casella 
(12c)  Cup  anemometers  -Boller-Chivens 
(12d)  Cup  anemometers  -Fries 
(12e)  Hot  wire  anemometers 

(13a)  Aspirated  thermocouples  -  dry 

(15)  Line  source 

(16)  Detectors  (photocells) 


6.  20-foot  Lvsimeters 
(6a)  20-ft.  weighing  lysimeter 

(6b)  20-ft.  floating  lysimeter 

(7)  Tensiometers  (Pruitt's) 

(8)  Soil  sampling  for  moisture  content 

(13b)  Aspirated  thermocouples  -  wet 
(14)  Moisture  profiles  by  optical  meters 
(spectrographic) 


(9)  Weight  gain  -  cuttings 

Diurnal  curve  est.  from 
(l)+(13a) 

(10)  Estimated  from  soil  temp. 


( 1 l)+( 12)+ 
U«) 


e  PRIESTLEY,  C.H.B.  "Turbulent  Transfer  in  the  Lower  Atmosphere",  1959. 
BROOKS,  F.A.  "Introduction  To  Physical  Microclimatology",  1960. 
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kinematicI  r 

VISCOSITY  fTEMP. 


TABLE  A- 2.  QUALITIES  OF  DRY  AIR,  0  to  39.9°C 
DRY  AIR  DENSITY,  in.lbH 


cm^ioe"*  °C 


.001292 

.001288 


.001269 


.001264 


.001282 

.001278 

.001273 

.001269 


.001264 

.001260 


001242 

001238 

001234 

001229 

001225 


001208 

.001204 


001200 

001196 

001192 

001188 


.001242 

.001238 

.001233 

.001229 

.001223 


.001196 

.001192 

.001188 


.001164 


.001160 


0.2  0.3 


.001291  .001291 
.001287  .001286 
.001282  .001282 
.001277  .001277 
.001273  .001272 
.001268  .0012&8 


.001264  .001263 
.001239  .001239 
.001233  .001254 
.001250  .001250 
.001246  .001245 


.001241  .001241 
.001237  .001237 
.001233  .001232 
.001228  001228 
.001224  .001224 


.001220  .001220 
001216  .001215 
.001212  .001211 
.001207  .001207 
.001203  .001203 


.001199  .001199 
.001193  .001193 
.001191  .001191 
.001187  .001187 
.001183  .001183 


.001179  .001179 
.001175  .001173 
.001171  .001171 
.001168  .001167 
.001164  .001163 


.001160  .001159 
.001156  .001156 


(pe  ■  .0012923) 
0.4  0.5 


.001290  .001290 
.001286  .001285 
.001281  .001280 
.001276  .001276 
.001272  .001271 
.001267  .001267 


.001262  .001262 
001258  .001238 
.001254  .001253 
.001249  .001249 
.001245  .001244 


001240  .001240 
.001237  .001236 
.001232  .001231 
.001228  .001227 
.001223  .001223 


001219  .001219 
.001215  .001214 
.001211  .001210 
.001207  .001206 
.001202  .001202 


001198  .001198 
.001194  .001194 
.001190  .001190 
.001186  .001186 
001182  .001182 


.001178  .001178 
.001174  .001174 
001171  .001170 
.001167  .001166 
.001163  .001162 


.001159  .001159 
.001155  .001155 


.001289 

.001284 


.001152  .001152  .001152  .001151 


001149 

.001146 


.001142 

.001138 

001134 

001131 


.001138 

.001134 

.001130 


001148  .001148 
.001145  .001144 


001141  .001141 
.001137  .001137 
.001134  .001133 
.001130  .001130 


.001148  .001147 
.001144  .001144 


001140  .001140 
.001137  .001136 
.001133  .001133 
.001129  .001129 


001280 

.001276 

.001271 

.001266 


.001262 

.001257 

.001253 

.001248 

.001244 


.001240 

.001235 

.001231 


.001218 

.001214 

.001210 

.001206 

001202 


.001198 

001194 

.001190 

.001186 

.001182 


.001166 

.001162 


.001151 

.001147 

.001143 


,001140 

.001136 

.001132 

.001129 


.001279 

.001275 

.001270 

.001265 


.001248 

.001244 


.001239 

.001235 

.001231 

.001226 


.001210 

.001205 

.001201 


.001197 

.001193 

.001189 

.001185 

.001181 


.001177 

.001173 

.001169 

.001166 

.001162 


.001158 


.001143 


.001139 

.001136 

.001132 


.001248 

.001243 


.001239 

.001234 

.001230 

.001226 

.001222 


.001217 

.001213 

.001210 

.001205 

.001201 


.001197 

.001193 

.001189 


.001177 

.001173 

.001169 

.001165 

.001161 


.001158 


.001146 

.001132 


.001139 

.001135 

.001132 

.001128 


.001288 

.001283 

.001279 

.001274 

.001270 

.001265 


.001260 

.001256 

.001252 

.001247 

.001243 


.001238 

.001234 

.001230 

.001226 

.001221 


.001217 

.001213 

.001209 

.001204 

.001200 


.001196 

.001192 


.001176 

.001172 

.001169 

.001165 

.001161 


.001157 

.001153 

.001150 

.001146 

.001142 


.001138 

.001135 

.001131 

.001128 
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WET-BULB  COMPUTATION  OF  MOISTURE  CONTENT 

From  Smithsonian  Meteoro,  Tables  p.  365  the  dry-bulb/wet-bulb  relation  is: 

oc-l  oc-l 

(A-l)  A  =  —  =  0.000660  <[l  +  0.00115  t’ ]>  , 

Namely  lip  B  '.'onas'Sp  -  {i  +  .00115 t’} 

Where 

e*,  mb,  «  saturated  vapor  pressure  at  the  wet-bulb  temp,  t' 
e,  mb,  s  actual  vapor  pressure  in  air 

p,  mb,  a  barometric  pressure  (std.  sea-level  press,  =  1013.25  mb) 
t,  °C,  =  dry-bulb  temp. 

t\  °C,  =  wet-bulb  temp. 

Since  a  power-law  representation  of  the  psychrometer  curve  formula 
involves  the  6.15  power  of  a  fraction,  and  a  difference  formula  calls  for  a 
graph  of  psychrometer  curve  slope  vs.  wet-bulb  temp.,  we  might  more 
easily  use  the  following  log  formula.  Figure  A-l  for  saturated  vapor  pressure 
Then: 

(A- 2)  e^  *  8.108  antilogy  (.0247  t'a)  -  2.0  -  .00066p  <£l  +  .00115t'zJ(tB-t^),ml 

Thus  we  need  wet-bulb  temp,  t'  twice  and  wet-bulb  depression  (t-t')  once. 

Determination  of  Virtual  Temperature  Gradient  to  find  the  Times  of 
Neutral  Stability.  Neutral  stability  is  not  defined  by  aero  gradient  in 
potential  temperature  when  considerable  gradient  in  specific  humidity  exists. 

This  is  significant  in  the  eddy  transfer  tests  of  30-31  July  1962  when  dry- 
bulb  temperature  gradients  were  weak  most  of  the  day  because  the  latent 
heat  taken  up  in  evapotranspiration  from  the  grass  turf  used  practically  all 
the  net  radiation.  Two  procedures  are  available  to  determine  the  times  of 
neutral  stability:  1)  determination  of  times  when  virtual  temperature 
gradient  equals  the  dry  adiabatic  (T  =  1.0°C/l00m);  and  2)  when  there  is 
aero  change  in  potential  density  with  height.  Using  the  first,  virtual  temp¬ 
erature  is  calculated  from  dry-bulb  temperature  by  the  common  formulas: 
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Figure  A-l.  Log  law  for  saturation  vapor  pressure. 
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(A-3a) 

T'  a 

(A- 3b) 

T'  = 

nr 


1.0  + 


T 

0.378  e/pfc 

8  w/^a 


K 


0.622 


1.0+  pw/pa 


=  (1.0  +  0.61  pw/pa)  T,  °K. 


In  the  first  form  (A- 3a),  the  volumetric  fraction  occupied  by  the  water  vapor 
is  ratio  of  partial  pressures  and  this  fraction  is  less  dehse  than  dry  air  by 

the  deficiency  in  molecular  weight  — -  =  0.378.  In  the  second  form 

(A- 3b),  when  a  mixing  ratio,  gram„,-  /  gram  .  ,  describes  moisture  content, 
a  gram  of  water  vapor  occupies  ^  a  1.61  times  the  volume  of  a  gram  of  dry 
air.  This  means  that  the  excess  volume  is  0.61  P i^/ p  .  For  the  usual  small 
ratios  of  e/pa  or  p^/  pa  the  moist  air  pressure  or  density  is  used  namely 
e/p  or  P^/  ?■ 
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APPENDIX  B 


RADIOMETER  CALIBRATION 

The  neceasity  of  field  checking  the  factory  calibration  of  radiometers 
became  apparent  when  it  was  found  that  net  radiation  values  reported  by 
Pruitt  and  Angus  in  Chapter  6  of  the  1961  Annual  Report  were  in  error.  Con¬ 
sidering  simultaneous  readings  of  shortwave  radiation,  the  error  appeared  to 
be  10%  to  20%, too  high.  A  comparison- shading  technique  has  been  developed 
which  appears  capable  of  determining  all  radiometer  calibration  factors  to 
within  2%  of  their  correct  values. 

An  Eppley  Normal  Incidence  Radiometer  is  the  standard  to  which  the 
radiometers  under  test  are  compared.  First,  the  radiometer  under  test  is 
exposed  to  both  the  sky  and  the  direct  incoming  solar  radiation.  Approximately 
30  readings  of  each  radiometer  are  recorded  in  a  1  minute  period  by  the 
Electro  Instruments  Automatic  Data  Recording  System.  The  radiometer  under 
test  is  then  shaded  by  a  shade  so  designed  that  it  subtends  the  same  solid 
angle  of  the  sky  that  is  being  viewed  simultaneously  by  the  Normal  Incidence 
Radiometer.  After  the  shaded  radiometer  comes  to  equilibrium,  approximately 
30  readings  are  taken  again  of  the  two  radiometers  by  the  recording  system. 

The  solar  elevation  angle  of  the  sun  is  read  to  the  nearest  5  minutes  from 
the  shade-holding  arm.  The  shade  is  then  removed  and  an  unshaded  series  of 
readings  is  again  made.  All  of  the  calibrations  are  performed  within  30 
minutes  of  solar  noon  and  the  3  sets  of  test  readings  are  made  within  a  5 
minute  period.  After  converting  the  Normal  Incidence  Radiometer  to  a  hor¬ 
izontal  radiation  flux,  the  k  factor  of  the  radiometer  under  test  is  readily 
determined. 

Table  B-l  lists  some  of  the  results  of  the  calibration  tests.  For  the 
Eppley  Pyrheliometer  that  was  checked,  a  scatter  of  +  3%  occurred  in  the 
tests  conducted  over  a  5  month  period.  When  a  series  of  tests  was  performed 
on  any  one  day,  the  scatter  seldom  exceeded  1%.  Temperature  and  cosine 
corrections  must  be  applied  where  applicable.  From  the  appearance  of  the 
scatter  of  the  field  calibration  factors,  more  attention  should  be  given  to  the 
cleanliness  of  the  pyrheliometer  glass  bulb.  Also,  the  solar  altitude  angle 
measurements  should  be  refined  somewhat.  For  black  plate  radiometers, 
this  method  assumes  that  the  upper  and  lower  plates  are  equally  balanced 
and  exactly  level. 
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TABLE  B-l 


REPEATABILITY  IN  FIELD  CALIBRATIONS  OF  RADIOMETERS 

Date  Type  of  Radiometer  Serial  Number  Latest  Factory  Field  Calibration 

Calibration 


Nov.  16 

Eppley  Pyrheliometer 

2422 

.4350 

.4250 

Nov.  19 

2422 

.4350 

.4250 

Jan.  5 

2422 

.4350 

.4370 

Feb.  22 

2422 

.4350 

.4353 

Feb.  27 

2422 

.4350 

.4380 

Mar.  7 

2422 

.4350 

.4434 

Mar.  19 

2422 

.4350 

.4465 

Feb.  28 

Beckman- Whitley  Net 

262 

.107 

.1035 

Mar.  7 

262 

.107 

.1039 

Mar.  19 

262 

.107 

.1052 
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APPENDIX  C 

ANEMOMETER  CALIBRATION  AND  NEW  PULSE  COUNTER 

At  low  windspeeds  non-similar  performance  can  be  Been  in  the  profile 
array  of  cup  anemometera.  Thia  makes  it  necessary  to  calibrate  each 
anemometer  with  its  output  transducer.  Also  noticeable  ia  occasionally  er¬ 
ratic  performance  of  the  common  electromagnetic  counters.  This  defect 
usually  comes  from  too  narrow  an  operating  range  of  voltage  applied  to  the 
transducer  and  the  relays.  The  previous  permissible  voltage  range  of  about 
10  per  cent  has  been  expanded  to  50  per  cent  as  described  later. 

To  determine  starting  speeds  of  cup  anemometers,  a  whirling-arm 
calibration  apparatus  is  essential.  This  system  requires  two  corrections, 
however,  (i)  the  difference  in  radius  to  the  driving  cup  depending  on  clock¬ 
wise  or  counter  clockwise  rotation  of  the  arm,  and  (ii)  the  circulating 
velocity  of  the  air  in  the  path  of  the  anemometers.  The  first  problem  is 
completely  handled  by  running  all  calibrations  in  both  directions.  This 
reversible  rotation  also  settles  the  question  of  adding  or  subtracting  a 
fractional  count  per  rotation  to  allow  for  the  inertia  of  the  cups.  The 
second  problem  of  allowing  for  the  circular  flow  of  air  following  the  ane¬ 
mometer  is  corrected  in  two  ways:  measuring  the  circulating  airspeed  by 
a  stationary  anemometer  just  beyond  the  one  on  the  arm,  and  by  comparing 
the  teat  response  with  a  performance  curve  interpolated  below  wind-tunnel 
ranging  from  50  to  200  cm/sec.  Figure  C-l  shows  how  the  two  methods  of 
calibration  run  together  very  well  for  two  Thornthwaite  anemometers.  The 
resulting  correction  curve  for  the  3. 5 -meter  whirling-arm,  however,  shows 
in  Figure  C-2  a  10  or  11  per  cent  correction  continuing  for  speeds  above 
200  cm/sec.  The  considerable  correction  at  lower  speeds  is  partly  due  to 
using  2  arms  (in  order  to  compare  2  anemometers  without  needing  to  know 
true  airspeed). 

The  wind  tunnel  of  the  University  at  Berkeley  used  for  calibration  at 
higher  speeds  has  very  low  turbulence  and  an  exceptionally  flat  profile  in  the 
32-inch  square  test  section.  For  low  velocity  tests,  however,  it  was  necessary 
to  mount  the  anemometers  near  the  outlet  face  of  the  10-foot  square  plenum 
chamber  ahead  of  the  contraction  section.  Traverses  across  this  face  showed 
a  slight  non-uniformity  in  airspeed  so  the  reductions  from  speed  measure¬ 
ments  in  the  test  section  to  the  two  test  positions  ahead  of  contraction  were 
13.16  and  12.95  to  1.0  respectively. 
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Multi-Purpose  Pulse  Counting  System.  The  development  of  a  multi¬ 
purpose  pulse  counting  system  stemmed  from  poor  field  reliability  of  the 
Thornthwaite  anemometer  counters  and  inadequate  timing  of  counting  per¬ 
iods.  A  system  was  designed  and  built  by  W.  B.  Goddard  which  overcame 
these  difficulties  and  gave  greater  flexibility  to  the  anemometer  counting 
and  recording  system.  The  new  system  centers  around  using  a  triode  tube 
with  the  anemometer  response  causing  a  drop  in  grid  bias  which  in  turn 
closes  a  plate  relay.  The  circuit,  see  Figure  C-3,  can  be  used  with  the  re¬ 
sistance  change  used  in  the  Thornthwaite  or  with  circuit  closure  used  in 
the  Friez  and  Casella  anemometers. 

The  Thornthwaite  anemometers  change  their  resistance  by  interrupting 
a  light  beam  which  is  incident  upon  a  cadmium  sulfide  cell.  The  change  ranges 
from  60,000  ohms  lighted  to  10  meg  ohms  dark.  Characteristically  this  high 
impedance  does  not  work  well  with  transistors  and  in  field  operation  where 
heating  causes  transistors  to  miss-bias,  the  original  transistorized  Thorn¬ 
thwaite  counting  system  did  not  operate  reliably.  The  new  system  is  not 
temperature  sensitive  and  has  shown  good  reliability  under  normal  field 
conditions. 

The  breaker  points  of  the  Friez  and  Casella  anemometers  restrict 
their  use  to  circuits  using  low  current  value.  The  grid  bias  circuit  used 
in  the  new  system  is  ideal  for  this  reason  having  only  a  few  micro  amperes 
flowing  across  the  points  which  insures  long  contact  life.  As  a  measure  of 
field  reliability,  Table  C-l  shows  the  range  in  which  normal  operation  lies. 

TABLE  C-l 

PARAMETER  ALLOWABLE  DEVIATION  WITH  NORMAL  OPERATION 
Plate  voltage  150  V  +  50  V 

Grid  bias  16  V  +  5.0  V 

Transducers  impedance: 

range  closed  0.0  to  150,000  ohms 

range  open  above  150,000  ohms 

The  counting  system  was  built  with  twelve  individual  channels  so  that 
in  case  of  a  malfunction  extra  channels  would  usually  be  available.  Manual 
reset  electromagnetic  A.C.  Veeder  Root  counters  capable  of  1000  counts 
per  minute  were  obtained  for  the  integraters.  A  timing  control  circuit  was 
built  in  with  time  period  options  of  four,  eight,  twelve,  fifteen,  sixteen  and 
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twenty  minutes.  The  timing  circuit  will,  upon  selection  of  ft  time  period  ftnd 
pushing  the  stftrt  button,  stftrt  ftll  twelve  integrators  counting  for  exactly  the 
time  period  selected  then  stop  and  ringing  a  bell  to  notify  personnel  to  re¬ 
cord,  turn  back  counters  and  start  the  next  sampling  period.  The  fifteen, 
sixteen  and  twenty  minute  timing  periods  fit  in  to  most  averaging  periods 
of  other  measured  field  parameters  while  the  four  and  eight  minute  time 
periods  have  proved  very  successful  in  recalibration  procedures. 

Another  useful  option  was  built  into  the  system  to  continue  each  circuit 
closure  output  while  timed  integrating  periods  are  being  run,  stopped,  and 
recorded  manually.  This  output  can  operate  our  Esterline  Angus  20-pen 
recorder  which  will  then  make  a  continuous  chart  record  of  all  anemometers 
plus  a  time  signal.  This  option  works  well  in  conjunction  with  shear-stress 
measurements  where  the  wind  velocity  must  be  continuous  and  accurately 
timed  with  the  air  drag  record. 
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THORNTHWAITE  ANEMOMETER  CALIBRATION 
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Figure  C-2.  Whirling-arm  correction  for  circulating  air. 


APPENDIX  D 


TEMPERATURE  PROFILE  MASTS 

Four  identical  6-meter,  9-aampling  point,  aspirated,  thermocouple 
maata  have  been  conatructed  and  put  into  operation  and  uaed  during  the 
December  run.  Figure  D-l  ahowa  the  conatruction  detaile  of  the  maata. 

A  calibration  has  been  made  on  all  of  the  thermocouples  on  each  of  the 
four  masts  and  all  were  found  to  have  not  more  than  4  microvolts  dif¬ 
ference  from  one  another  at  any  one  temperature.  Absolute  calibration 
of  the  thermocouples  to  .01°C  waa  made  using  a  Leeds  and  Northrup 
Standard  Platinum  Resistance  Thermometer  which  was  N.B.S.  calibrated. 
The  standard  thermometers  were  read  with  a  6-decade  Kelvin- Varley 
divider  potentiometer  circuit  which  uses  N.B.S.  certified  resistors  for 
its  basic  resistance  calibration. 

Aspiration  is  accomplished  by  a  vacuum  pump  which  draws  air  past 
each  of  the  butt  welded  #24  gage  thermocouples  located  in  the  center  of  a 
63  mm  diameter  intake  hole  in  the  bottom  of  plastic  pipes  extending  into 
the  wind  45  cm  from  the  masts.  The  aspiration  velocity  is  adjusted  to 
standard  100  meters  per  minute  past  the  thermocouples.  At  this  rate  there 
is  little  pressure  drop  in  the  pipe  mast.  The  time  constant  of  the  thermo¬ 
couples  at  this  particular  aspiration  rate  is  approximately  3.5  seconds. 

Radiation  shades  prevent  the  direct  sun  from  impinging  upon  the  area 
of  the  pipes  which  contains  the  thermocouple  sensing  element.  The  shades 
are  narrow  half  cylinders  5  cm  from  the  plastic  pipes  and  of  elliptical  plan 
so  that  the  direct  sun  would  be  shaded  while  at  the  same  time  allowing  maxi¬ 
mum  exposure  to  the  cold  sky. 

An  experimental  investigation  was  made  in  order  to  determine  what 

the  true  physical  heights  being  sampled  by  the  thermocouples  are  because 

3 

of  the  fact  that  air  is  being  drawn  from  below  at  the  rate  of  52  cm  /sec  into 
a  small  hole.  A  small  lighted  candle  was  held  near  the  intake  opening  and 
the  influence  of  the  air  flowing  into  the  intake  was  observed.  No  detectable 
influence  was  observed  on  the  flame  of  the  candle  when  it  was  more  than  6 
cm  from  the  intake  under  perfectly  calm  conditions.  At  this  distance  the  in¬ 
draft  velocity  is  0.5  cm/sec.  Thus  when  there  is  no  wind,  the  air  being 
sampled  by  the  mast  at  any  particular  height  is  drawn  in  from  a  nearly 
spherical  pattern  centered  around  the  intake,  l/3  coming  within  +  1  cm  in 
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height.  With  any  wind  blowing,  the  sample  passing  through  the  inlet  port 
originates  from  upwind.  If  a  one-minute  sampling  period  is  being  considered 
in  a  3  meters  second  wind,  air  sample  from  the  masts  to  as  far  as  180 
meters  upwind  passes  by  the  thermocouple.  At  this  rate  the  whole  intake 
of  3120  cm  /min  comes  from  a  ribbon  of  air  only  l/4  mm  thick. 
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Figure  D-l.  Temperature,  humidity  and  wind  direction  mast. 
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APPENDIX  E 


HUMIDITY  SAMPLING  SYSTEM  (I.R.  HYGROMETER) 

An  effective  water  vapor  sampling  system  over  the  20-foot  weighing 
lysimeter  has  been  put  into  operation.  The  system  samples  air  at  6  dif¬ 
ferent  levels  up  to  4  meters  simultaneously  and  continuously.  The  water 
vapor  content  of  the  samples  of  air  is  then  determined  by  the  General  Mills 
Infrared  Hygrometer. 

Referring  to  the  Figure  E-l,  the  system  operates  as  follows: 

1 )  The  air  pumps  in  each  line  coming  from  the  6  different  sampling 
points  above  the  20-foot  weighing  lysimeter  force  the  air  samples  through 
the  3-way  solenoid  valves  into  sample-bags  1A,  2A,  3A,  4A,  5A,  and  6A. 

2)  After  15  minutes  the  3-way  solenoid  valves  switch,  and  new  air 
samples  are  forced  into  bags  IB,  2B,  3B,  4B,  5B,  and  6B. 

3)  Two  minutes  after  the  above  switch  occurs,  shut-off  valve  1-a  opens 
and  shut-off  valve  7  closes.  The  air  sample  from  bag  1A  is  then  withdrawn 
into  the  central  manifold  system  and  through  the  Infrared  Hygrometer  by  a 
vacuum  pump. 

4)  Before  1.5  minutes  have  elapsed,  the  air  sample  bag  has  completely 
emptied.  1.5  minutes  after  valve  1-a  was  opened,  it  closes  and  valve  1-b 
opens . 

5)  This  process  continues  by  the  same  sequence  and  in  9  minutes  the 
last  of  the  6  air  storage  bags  is  emptied.  Valve  7  opens  again  and  remains 
open  until  valve  1-b  opens. 

6)  The  3-way  valves  switch  and  fill  the  first  set  of  air  storage  bags 
again  15  minutes  after  their  last  switch  has  occurred. 

All  of  the  switching  is  accomplished  automatically  by  means  of  a  Bristol 
Master  Controller  Switch.  The  volume  of  air  samples  filling  each  bag  is 
initially  adjusted  by  individual  needle  valves  so  that  they  will  not  overfill 
and  the  1.5  minute  sampling  period  will  be  sufficiently  long  enough  to 
insure  complete  evacuation  of  all  the  air  samples.  The  storage  bags  are 
filled  to  about  25  liters. 

The  storage  bags  are  vinyl  plastic  beach  balls,  and  the  air  lines  are 
made  of  clear  plastic  tubing.  Copper  tubing  is  used  for  the  manifolds. 

To  insure  that  no  condensed  moisture  exists  in  the  air  lines,  a  vacuum 
cleaner  is  used  to  blow  warm  dry  air  through  all  the  lines  for  about  one 
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hour  prior  to  starting  the  system.  Heating  cables  which  dissipate  25  watts 
each  through  the  inside  of  the  air  lines  prevent  any  condensation  from 
occurring  after  the  system  is  started.  The  storage  bags  are  contained  in  a 
temperature  controlled  cabinet  and  the  manifold  and  valves  are  enclosed  in 
a  heated  compartment  to  prevent  any  condensation  of  the  air  samples  within 
the  storage  bags  and  piping. 

So  far  this  system  has  worked  out  well  and  has  been  very  dependable. 
The  Infrared  Hygrometer  output  is  recorded  with  a  strip  chart  recorder. 
There  is  no  problem  in  identifying  which  humidity  sample  level  is  being 
measured  and  recorded  on  the  strip  chart  recorder  because  a  characteristic 
dip  occurs  each  time  one  of  the  storage  bags  becomes  empty.  Calibration 
by  Monteith  using  saturated  air  provided  a  tentative  verification  of  the 
factory  calibration. 

The  absolute  accuracy  claimed  by  the  manufacturer  for  dewpoint 
determination  is  +  1°C  throughout  a  range  from  -25°C  to  +30°C.  However, 
the  sensitivity  at  a  dewpoint  of  around  10°C  has  been  found  under  actual 
use  on  this  project  to  be  approximately  0.05°C  or  less.  This  is  equivalent 
to  0.0025  g/m  ,  thus  allowing  excellent  accuracy  in  determination  of 
gradients  of  moisture  concentration  using  the  technique  described  above. 
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PROJECT  CONCLUSIONS 
F.A.  Brooks,  W.O.  Pruitt,  and  D.  R.  Nielsen 

The  primary  accomplishment  of  this  3-year  research  contract  in  energy 
and  moisture  transfers  is  the  progress  made  from  limited  conjectures  to  well 
substantiated  knowledge  of  the  interaction  of  the  various  physical,  meteoro¬ 
logical  and  plant  factors  of  most  importance  in  moisture  transfers.  One  con¬ 
clusion  to  be  drawn  from  the  detail  interpretation  of  flux  rates  in  cloudless 
weather  and  in  laboratory  tests  is  that  some  common  simplifying  assumptions 
have  been  used  too  casually.  The  physical  reasons  for  several  discrepancies, 
however,  have  been  well  demonstrated  and  even  anticipated  so  it  can  be  con¬ 
cluded  that  observations  which  previously  were  suspected  as  being  merely  er¬ 
roneous  can  now  be  studied  as  real  irregularities,  each  explainable  by  meas¬ 
urable  parameters. 

Typical  patterns  of  the  various  components  of  the  energy  balance  of  a 
well  irrigated  grass  turf  at  Davis  have  been  confirmed  for  clear  weather  and 
under  various  wind,  temperature,  and  humidity  conditions.  Under  calm 
conditions  and  to  a  lesser  extent  with  wind,  evaporative  cooling  of  the  surface 
failed  to  compensate  for  radiation-heating  during  morning  hours,  resulting  in 
establishment  of  an  appreciable  lapse  rate.  It  is  concluded  that  convective 
heating  for  such  a  surface  is  not  negligible  but  is  similar  in  magnitude  to 
evaporative  heat  flux  until  mid  morning.  Under  calm  conditions  the  range  of 
stabilities  encountered  over  the  grass  turf  is  very  large,  and  we  conclude  that 
turbulence  due  to  buoyancy  is  a  major  factor  in  the  transfer  of  moisture  away 
from  the  surface  during  morning  hours.  Flux-gradient  studies  during  1962 
although  not  conclusive  show  considerable  variation  but  with  K^/Kq  -1.0. 

Regarding  differences  in  interpretation  of  field  experiments  in  micro¬ 
meteorology  by  various  research  teams,  it  can  be  concluded  that  most  can  be 
ascribed  to  differences  in  terrain  particularly  in  the  size  of  the  controlled 
test  plot,  and  in  the  surrounding  area  differences  in  surface  moisture  and 
topography.  For  important  cases  the  effects  of  these  differences  might  be 
investigated  in  the  Colorado  wind  tunnel,  but  it  seems  likely  that  future  ad- 
vection  research  in  Davis  with  area-distribution  of  profile  masts  will  provide 
sufficient  explanation,  once  the  accuracy  of  the  various  instrumentation  systems 
is  established. 
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Besides  the  advances  made  in  substantiating  physical  concepts,  the 
operational  difficulties  with  commercial  electronic  apparatus  and  automatic 
computers  leads  to  the  conclusion  that  occasional  faulty  operation  is  to  be 
expected  of  apparatus  especially  on  continuous  day  and  night  runs  and  that 
provision  must  be  made  both  for  evading  stoppages  in  the  field  test  and  for 
rejecting  false  data  in  computer  processing. 


PROJECT  RECOMMENDATIONS 

Now  that  a  specialized  electronic  capability  is  in  full  use  by  present 
personnel  investigating  energy  and  moisture  transfers  under  the  simpler 
meteorological  conditions,  usually  of  clear  sky,  it  is  of  first  importance  to 
continue  the  comprehensive  measurements  and  several  analytical  procedures 
covering  full  annual  cycles  and  extending  them  to  other  weather  types.  Secondly, 
the  remarkable  October  1961  findings  on  advective  effects  need  to  be  explored 
with  greater  coverage  both  in  area  distribution  and  properties  measured  so 
that  a  useable  interpretation  of  variable  terrain  can  be  developed. 

Finally,  we  strongly  recommend  that  some  arrangement  be  made  to  bring 
the  personnel  and  the  field  apparatus  of  various  research  teams  together  to 
make  a  joint  field  run,  attended  also  by  Colorado,  so  that  all  the  outdoor  re¬ 
search  efforts  can  be  viewed  as  particular  contributions  to  the  whole  field  of 
micrometeorology. 
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MINIMUM  DISTRIBUTION  LIST  FOR  SCIENTIFIC  TECHNICAL  REPORTS 
IN  METEOROLOGY  AND  ATMOSPHERIC  SCIENCES 
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Hqa.  U.S.  Army  Matarial  Command 
RaaaarcH  Division 
Attn;  AMCRD-R5- JL3-A 
Washington  25,  D.C. 

Hqa,  U.S.  Army  Matarial  Command 
Dsvslopmsnt  Division 
Attn:  AMCRD-DE.MI 
Washington  25, D.C. 

Offica  of  Chiaf  of  Raaaarch  A  Development 
Dapartmant  of  tha  Army 
Attn:  CRD/M 
Washington  25.  D.C. 

Hqa,  U.S.  Army  Combat  Davalopmant  Command 
Attn:  CDCMA-E 
Ft.  Belvoir,  Va. 

Hqs,  U.S.  Continantal  Army  Command 
Attn:  ATINT-PAO 
Ft.  Monroa,  Va. 

Offica  of  tha  Chiaf  Signal  Officer 
Dapartmant  of  tha  Army 
Washington  25.  D.C. 

Hqa,  U.S.  Army  Electronic!  Command 
Raaaarch  Division 
Attn:  AMSCL-RC-C 
Fort  Monmouth.  Naw  Jaraay 

Hqa,  U.S.  Army  Miasila  Command 

Attn:  A  MS  Ml- RP  A 

Rad st on*  Arsanal.  Alabama 

Hqa,  U.S.  Army  Munitions  Command 
Attn:  AMSMU-RC 
Dovar.  Now  Jaraay 
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CO,  U.S.  Army  Electronics  RAD  Activity 
Ann:  Meteorological  Dapartmant 
Ft.  Huachuca,  Arisons 

CO,  U.S.  Army  Electronics  RAD  Activity 
Attn:  Missile  Meteorology  Division 
Whits  Sands  Missile  Range.  New  Mexico 

Commanding  Officer 
U.S  Army  Biological  Laboratories 
Ann:  CB  Cloud  Research  Office 
Ft.  Detrick,  Frederick,  Maryland 

CO,  U.S.  Army  Frankford  Arsenal 
Ann:  MEIE  Division 
Philadelphia,  Pennsylvania 


CO,  Picatinny  Arsenal 
Ann:  Special  Weapons  Group 
Dovar,  New  Jersey 

CO,  U.S.  Army  Engineering  RAD  Laboratory 
Fort  Belvoir,  Virginia 

CO,  U.S.  Army  Transportation  Research  Command 
Fort  Eustis,  Virginia 

CO,  U.S.  Army  Dugway  Proving  Ground 
Attn:  Meteorological  Division 
Dugway,  Utah 

President 

U.S.  Army  Artillery  Board 
Ft.  Sill.  Oklahoma 

CO,  U.S.  Army  Artillery  Combat 
Developments  Agency 
Ft.  Sill.  Oklahoma 

CO,  U.S.  Army  Communications  -  Electronics 
Combat  Developments  Agency 
Ft.  Huachuca,  Arisona 
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Office  of  the  Assistant  Secretary  of  Defense 
(Research  and  Engineering),  The  Pentagon 
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Director  of  Meteorological  Systems 
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Nr  Cys 

Commander  IQ 

Armed  Servicea  Technical  Information  Agency 
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U.S.  Army  Chemical  Research  4  Development 
Laboratories 

Attn:  Director  of  Development  Support 
Army  Chemical  Center,  Maryland 
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